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By W. H. Eccres, D.Sc., F.R.S., President. 


(Address delivered before THE INSTITUTION, 2lst October, 1926.) 


This is the earliest opportunity I have had of con- 
veying to my fellow members of the Institution my 
thanks for the great honour they have done me in 
electing me to the Presidential Chair—no greater honour 
can be paid to any member of our profession ; I shall 
do my best to uphold the great traditions of the 
Institution. 

This Institution, numbering more than 12 000 
members scattered throughout the Empire, comprises 
within its fold engineers who, as administrators and 
managers, direct great electrical enterprises, as well as 
specialists in every branch of electrical technology. 
All of them are deeply concerned with industrial prob- 
lems, and the life of this Institution itself is inter- 
twined with that of the electrical industry. The 
Institution has, therefore, contributed greatly to the 
discussions which, in the anxious years since the war, 
have arisen in every country with regard to the growing 
importance of electricity to all the basic, and many of 
the minor, industries. In the Journal of the Institu- 
tion will be found valuable papers dealing with every 
aspect of electricity as applied or applicable to mining, 
metallurgy, chemistry, traction, general manufacture, 
agriculture, communications and domestic life, and with 
every aspect of the generation, transmission and dis- 
tribution of power. This close contact with the whole 
of the practice and science of electricity is the surest 
sign of the health and strength of the Institution. 

ln addressing from the Chair a body of men such as 
make up this Institution, one is permitted to take 
either of two courses: one may be frankly specialist 
and abstruse on one’s own subject, or one may speak 
broadly and in an elementary manner about things 
that interest the Institution more generally. I propose 
to take the latter course. I shall endeavour to trace 
and compare the main lines of present-day electrical 


development as they present themselves broadly at 
this moment to the electrical engineer; to see whether 
our country is, in comparison with other countries, 
flourishing and progressing, or lagging and flagging ; 
to see how we, as an Institution, may help forward the 
nation’s welfare. 

For making a comparative survey of the electrical 
progress of some of the chief commercial nations, it is 
convenient to begin with the electricity supply industry, 
to pass then to a study of the industrial and other 
uses of the electricity generated, then to deal with 
electro-communications, and finally to touch upon our 
electrical trade. By aid of this comparative survey it 
will be possible to distinguish the branches in which 
we are weak from those in which we are strong. 

The outstanding feature of the electric supply of the 
world is its tendency to concentrate into big units of 
management and production. This tendency was 
clearly visible in America before the war; in Europe 
it was forced on by the war and the economic conse- 
quences of the war. France, Italy, Germany, Switzer- 
land and Scandinavia have been the busiest regions. 
France, Italy, Switzerland, Norway and Sweden, were 
compelled by the cost of fuel and freightage to develop 
their water-power resources rapidly. Germany and 
France were compelled, by the loss of many of 
their hard coal areas, to press forward with both 
the utilization of water power and the most efficient 
utilization of fuel. In all these countries, besides, 
electrification was pushed forward on a national 
scale not only because of economic pressure but also 
because the building of power stations and transmis- 
sion lines, the wiring of factories, and the manufacture 
of industrial plant and locomotives, provided employ- 
ment of the highest type. But, in addition to these 
immediate and visible forces, there was impulsion due 
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to the instinctive feeling that modernization of the 
basic industries was impossible without previous 
electrification on a national scale. 

In estimating the relative electrical progress of the 
nations, one of the favourite figures for comparison is 
the consumption per head of population. By itself 
this comparison is not sound, and we have seen the 
figures ad nauseam, but I repeat them in Tables 1 and 2. 
From these tables it is seen that our production per 


TABLE 1. 
Annual Consumption of Electricity per Head, 1923. 
Units Units 
Norway 1 800 Belgium 250 
Canada 910 Germany 230 
Switzerland .. 805 Britain 155 
United States 528 Italy. 129 
TABLE 2. 


Output of Electricity ber Head of Population, 1925. 


ignored. In the second place, the taking of an average 
conceals the fact that in many instances the cost of 
electrical power in this country is as low as in the corre- 
sponding areas in America or Switzerland. lor instance, 
industrial power in now sold in the Newcastle district, in 
Lancashire, the Clyde Valley and other places, at prices 
about the same as the cheapest power in America, 


TABLE 4. 
Price of Electricity, 1925. 
(Revenue obtained per unit sold.) 
Pence per unit sold 


Great Britain - .. 1-90 
United States 1:53 
Canada 0:72 
Switzerland 0:60 
Northern Italy 0-40 


TABLE 6. 


Units sold by central stations and units delivered 
annually per kilowatt installed. 


Mica E MÀ ee a 
ee | ee, aaan eee 


Output 

Country Population Beant P. Bo 
units millions of units units 
Canada .. s 8-8 10 490 1 190 
Switzerland  .. 3:9 4 170 1 070 
United States .. 105-7 65 801 623 
France .. m 39-2 9 700 248 
Italy .. ae 38:5 7 600 197 
Great Britain .. 42.8 8 125* 190 
Germany "n 62-5 11 521 185 
Holland gi 7:1 8961 126 
Denmark ps 3:3 2311 10 
Total 311-8 118 534 380 


* Omitting railway, tramway and non-statutory undertakings. 
t Year 1924. 


TABLE 3. 
Price of Electricity, 1923. 
(Revenue obtained per unit sold.) 


Pence per unit sold 


Great Britain 2-07 
United States 1-05 
Canada 0-72 
Switzerland 0:60 
Northern Italy 0-46 


head is only one-half the average of nine countries. 
Another comparison may be obtained by taking the 
most fully electrified industrial areas of each country. 
On this reckoning the Newcastle area shows an annual 
production per head of about 600 units, which is one- 
third of that for similar zones in America. 

Still another comparison is offered by the average 
price at which electricity is sold in different countries. 
Tables 3 and 4 relate to the years 1923 and 1925. Both 
tables are very disparaging to this country, but they are 
somewhat unfair. In the first place, many private 
industrial generating plants in Great Britain have been 


Units sold, Units per 
1923 kilowatt 
roillions 
United States s$ - 38 2 700 
Italy 4-9 2 640 
Switzerland 2-0 2 430 
Great Britain 3°8 1 220 
TABLE 6. 


Output of Electricity in Nine Countries in 1925. 


. Output per 

Country gen anoe Pati send "| ane 
installed 

kilowatts millions of units units 

Canada .. 2 590 000 10 490 4 050 
United States .. 22 000 000 65 801 3 000. 
Italy 2 480 000 7 600 3 060 
Switzerland ] 380 000 4 170 3 020 
France .. 4 519 236 9 700 2 150 
Germany 5 938 400 11521 1 950 
Holland.. 508 0001 896 1 760 
Great Britain 3 880 000* 6 700 1 670 
Denmark 170 000ł 231 1 360 
Total 43 465 636 117 109 2 700 


* Omitting railway, tramway and non-statutory undertakings. 
t Year 1924. 


excepting only the Niagara Falls and the Mississippi 
Power Co.'s areas. 

A method of comparison which points an important 
lesson, consists in finding for various countries the 
kilowatt-hours of energy delivered, on the average, by 
each kilowatt of machinery installed. The available 
data of central stations in several countries are set 
forth in Tables 5 and 6. A more just comparison is that 
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of Tables 7 and 8, in which, from each of five countries, a 
number of the largest undertakings have been taken, 
and the output per kilowatt of plant installed has been 
tabulated. The figure of 2110 units per kilowatt for 
Great Britain indicates that we are getting only 
5f hours’ work per day out of the machinery in a 
number of our best stations. It is to be noticed that 


TABLE 7. 


Units per kilowatt installed for output of 2000 million 
units per annum. 


Italy (5 companies of Edison group) 4 250 
Germany (2 companies) .. ae 3 460 
United States (1 company) es 3 430 
France (3 companies) .. 2040 
Great Britain (17 companies) .. .. 1730 


the figure for Germany has risen from 1 540 in 1913 to 
3460 in 1923. The conclusion that we in this country 
are not getting full value from our installations is 
confirmed by finding the number of units sold for each 
pound sterling invested in stations, transmission lines 
and distribution networks. In 1925 America obtained 
35 units per annum, Great Britain 28 units, from each 


enough to be taken by one of the units, leaving 50 per 
cent of the capacity of the station temporarily unpro- 
ductive while the demand is growing up. The recent 
change in the German position is due to the installa- 
tion of larger equipment combined with thorough 
interconnection; in some areas special advantages 
have arisen from the interconnection of hydraulic and 
thermal generating plants, on a scale not possible here. 

The rate of growth of electrical consumption is an 
important index of progress. In Britain the capacity 
of authorized undertakings has increased from 3 mil- 
lions of kilowatts to 4 millions during the past two 
years, and the average annual rate of increase of con- 
sumption has been 11 per cent, which compares with 
Germany's 15 per cent per annum and Italy's 35 per 
cent per annum between the years 1921 and 1925. 
Sir John Snell, in his address at Oxford, prophesied 
that within 15 years our consumption would rise 
from the present 7 000 million units per annum to not 
less than 21000 millions. This implies that in 15 
years this country will reach the same state of electrical 
development as exists in America at this moment. 
What progress will America have made by then ? 

It is sometimes thought that electrification has 


TABLE 8. 


Output of Electricity of Principal Undertakings in Six. Countries, 1925.* 


Country Number of companies 
Canada 3 companies 
Italy .. x Edison group 
United States 14 companies 
Germany : 9 companies 
Great Britain sa 14 undertakings 
France 14 companies 


Total .. v es 


Annual output per kW 
of plant installed 


Capacity of 
generating plant 


Annual output 
of electricity 


kW millions of units units 

] 289 000 5828. 4 500 
530 000 ] 722 3 250 

5 595 092 17 064 3 060 

1 764 300 4 593 2 600 

- 1 363 800 2 881 2110 
1 640 000 2 987 1 820 
12 182 192 35 075 2 890 


* The undertakings included in the table are: 


LJ 


Britain: Newcastle Electric Supply Co.; Clyde Valley Electrical Power Co.; the Corporations of Manchester, Glasgow, Blrmingham, Sheffield, 
Liverpool, Leeds, Bristol, Coventry, Rotherham, Bradford and Bolton. 

United States: Commonwealth Edison Co. ; New York Edison Co.; District Edison Co.: Pacific Gas and Electric Co.; Philadelphia Electric Co.; 
Duquesne Light Co.: North American Co. (Missouri, Illinois and Iowa); North American Co. (Wisconsin); Northern States Power Co.; 


Utah Power and Light Co.: Consumers’ Power Co.; 
Sound Electric Light and Power Co. 

Hydro-Electric Commission of Ontario; 
Elektrowerke A.G.; 


Canada: 
Germany : 


Public Service Co. of N. Illinois; Pennsylvania Light and Power Co.; Puget 


Shawinigan Water and Power Co. and the Montreal Light and Power Co. - 
Kheinisch-Westfalisches E.W ; Sächsische Werke; Bayerische Kraftwerke; Schlesische E.U.G.A.G.; Vereinigte 


E.W. Westfalen; Berliner E.W.; Walchenseewerk A.G.; Mittlere Isar A.G. 


France: Union d'Elcctricité; Compagnie Parisienne de Distribution d'Electricité ; 


Energie Electrique du Littoral Méditerranée; Energie Electrique 


du Nord de la France; Société d'Electricité de Paris; Société Electrique de la Siderurgie Lorraine; Electricité de Strasbourg ; Forces 
Motrices du Rhone; Société Electrique du Nord-Ouest; Société Nantaise d'Eclairage et de Force; Societe Havraise d'Energie Electrique; 
Forces Motrices de la Vienne; Sociéte Meridionale de Transport de Force ; La Houve. 


pound sterling invested. The reasons for the position 
of Britain in this matter are poor load factors, excessive 
reserve plant, and the rigid separation of the under- 
takings. I have adopted this method of comparing 
the earning capacity of generating plant installed in 
various countries 1n preference to load factor proper, 
since it is possible to have a low maximum load, a 
high load factor, and excessive reserve plant simulta- 
neously. A station with two generating units of 
25 000 kilowatts each may have a maximum load small 


advanced rapidly in foreign countries because natural 
facilities for hydro-electric generation of power make 
electricity cheaper than in Britain. It is true that our 
water-power resources are very small—only about half a 
million horse-power—which is much smaller than that 
of our chief commercial rivals (see Table 9), and that 
80 per cent of the suitable water power in Britain is 
developed, including schemes projected and under 
construction; but it is to be remarked that Belgium, 
which is more highly electrified than Britain, has no 
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hydraulic stations and that Germany generates only 
10 per cent of its electricity hydraulically. The fact is 
that the cost of transmission limits severely the region 
to which hydraulic power can be delivered cheaply, 
and even in water-power countries the districts favoured 
with very cheap electricity are confined to such neigh- 
bourhoods as Niagara and the margins of great mountain 
masses. Outside of such districts the thermal stations 
have more than held their own. In South Sweden, for 
example, it is cheaper to generate from imported coal 
than to transmit from the mountain hydro-electric 
stations. 

There is a continual struggle between thermal plant 
and hydraulic plant. As fast as hydro-electrics have 
been developed the efficiency of thermal plant has 
risen and the net cost of fuel per unit generated has 


fallen. Twenty years ago condensing engines with an 
TABLE 9. 
Potential and Developed Water Power. 
Developed Potential 
Per cent Horse-power 
United States  .. T 29 35 000 000 
India xx M T 0-7 27 000 000 
Brazil " b T 2.0 25 000 000 
Canada .. ex m 18-0 18 250 000 
Norway .. zi T 19-0 9 500 000 
Sweden .. 2x ce 18-0 8 000 000 
Mexico .. x A 5-0 6 000 000 
France  .. Fa bea 39-0 5 400 000 
Japan sit vd ae 38-0 4 500 000 
Spain = ds T 25-0 4 000 000 
Italy Fi s a4 47-0 3 800 000 
Russia  .. v ae 5-0 3 000 000 
Switzerland - ye 60-0 2 500 000 
Germany .. gi "^ 55-0 2 000 000 
British Isles «s za 80-0 350 000 


efhciency of 10 per cent began the struggle, and now 
large steam plant with an efficiency of 20 per cent 
continues it. In countries where thermal and hydraulic 
generation might compete—such as Italy with 90 per 
cent hydraulic, Sweden 75 per cent, the United States 
34 per cent, France 50 per cent, Germany 10 per cent— 
an increase of overall thermal efficiency to 25 per cent 
would reduce the area of profitable transmission of 
hydro-electric power to one-half of its present area, 
were competition allowed. Even if no such increase 
of efficiency matures, the promise held out to-day by 
high steam pressures and temperatures, combustion of 
pulverized fuel, and the recovery and sale of by-pro- 
ducts, justifies the opinion that thermal generation will 
continue to be more economical than hydraulic genera- 
tion in most of the existing industrial areas of the world. 

If our backwardness in electrical development is 
not directly due to the lack of water power or lack of 
fuel, to what is it due? It seems to me that there is 
a complex of primary causes, economic and political, 
but the chief electrical cause is our neglect to use the 


principle of interconnection for cheapening supply. 
This neglect has been due, in turn, partly to the stiff- 
ness of our national organization, partly to the cheap- 
ness of coal and transport. As Mr. Woodhouse pointed 
out in his Address to this Institution two years ago, it 
is cheaper to rail coal from South Wales to London 
than to transmit electricity the same distance—there- 
fore we were content. Another, but electrically less 
important, reason why we have not developed cheap 
supply universally is that many of our installations are 
not efficient as judged by modern standards. The 
average efficiency of the generating plant of the United 
States in 1925 was 18 per cent, of the United Kingdom 
13-5 per cent, which indicates that we are wasting 
33 tons of coal out of every hundred. But mere ineffh- 
ciency, regrettable as it is, does not greatly increase 
the price of electricity—the cost of distribution is 
unavoidably large— and therefore the low efficiency of 
the stations is less a hindrance than is the lack of inter- 
connection or co-operation between stations, which is 
the chief cause of our delayed development. 

What I understand by the principle of interconnection 
may best be explained by an extreme example. 
Imagine the inhabitants of a great garden city to go 
by electric train daily to work in a crowded area of 
warehouses, shops and offices. Under the old system of 
electric supply three separate generating stations would 
be installed, one for delivering power and light to the 
commercial quarter, one for propelling the trains, and 
one for lighting the residential city. As a rule it would 
be found that only one of these generating plants 
would be working on full load at any particular time, 
and each would stand idle or nearly idle most of the 
waking hours. Yet each of the installations would 
have to be big enough to meet its maximum load. 
Now the principle of interconnection points out that 
by aid of transmission lines each plant could be lent, 
so to speak, to help the neighbours with the heaviest 
load. Equalization of load factor would, in a great 
measure, take place, and stand-by plant could be corre- 
spondingly reduced. f 

In cases where a closely concentrated load area comes 
into consideration, the most economic step would 
be to centralize the plant at a single station of 
greater efficiency and lower operating costs. Cen- 
tralization and interconnection, indeed, are the two 
main principles of the organizer who is going to 
cheapen electric supply. Both of them have been 
applied logically during the past five years in the 
creation of the great power zones of Germany and 
other countries. In Germany the Khineland-West- 
phalian power zone comprises interconnected stations 
of capacity not less than 1500 000 kilowatts and an 
annual output of 3 000 million units; the Central zone, 
extending from Berlin to Lower Silesia, comprises 
interconnected stations of present capacity about 
600 000 kilowatts, which is to be increased to 1 500 000 
kilowatts within three years, with an ultimate annual 
output of 3000 million units. The Bavarian power 
zone may be reckoned at 700 000 kilowatts (of which 
600 000 is water power) and produces more than 1 500 
million units per annum; the Wurtemburg zone is 
now 250 000 kilowatts, is planned to exceed 400 000, 
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and to have an annual output of 800 million units. 
At present this zone is importing power from Switzer- 
land. All these power zones are now being connected 
into one great national system. 

In France the largest zone is that of Paris, served 
by generating plant of atout 900 000 kilowatts capacity ; 
the Northern zone has 500 000 kilowatts, and other 
zones are rapidly developing water power in the 
mountain areas. Some of these zones are already 
interconnected. In the United States, the Chicago 
and North Illinois zone has plant exceeding 1 000 000 
kilowatts capacity, much of the plant being massed 
in super-stations. The Boston-Washington zone has 
interconnected plant, some of it in small stations, of 
6 000 000 kilowatts capacity, and is expanding rapidly. 
The Pacific Coast zone has a capacity of over a million 
kilowatts ; and there are several less heavily equipped 
zones covering other industrial areas. In North Italy 
the 14 companies associated with the Edison Company 
own an interconnected plant of 535000 kilowatts 
capacity and work with a load factor of nearly 50 per 
cent. 

In Britain, four examples of interconnection are 
noteworthy: (1) The North-East Coast area, supplied 
by the Newcastle Electric Supply Co. with a generating 
plant totalling 260 000 kilowatts, and an annual output 
exceeding 800 million units ; (2) South-East Lancashire, 
where the Lancashire Electric Power Co. and the 
Manchester, Salford, Bolton and Rochdalc Corporations 
are interconnected with generating plant of almost 
400 000 kilowatts and an annual output cf 650 million 
units ; (3) the Clyde Valley area, served by the Company 
of the same name, with five stations aggregating, after 
completion of the two water-power plants on the Clyde, 
120 000 kilowatts, with an annual output of 250 million 
units; and (4) the North Wales area, supplied by the 
North Wales Power Co., the Mersey Power Co. and the 
Aluminium Corporation, with a total annual production 
of about 140 million units. Centralization is taking 
place ia London under the auspices of the London 
Power Co., which sold 358 million units in 1925. In 
Dalmarnock, which has a capacity of 131 250 kilo- 
watts, and in Barking, Nechells and Barton, Britain 
possesses power stations of large capacitv and high 
efhciency, and it will probably be impracticable to 
erect stations much larger than these in Britain because 
of cooling water and other difficulties. The effect of 
interconnection on load factor can be seen fron: the 
fact that the Newcastle Electric Supply Co. now works 
at a load factor of 48 per cent, the Clyde Valley Co. at 
45 per cent, and the Mersey Power Co. at over 50 per 
cent, compared with a national average of 28 per cent. 

The figures of the last paragraph serve to show what 
progress has been made in Britain during the past few 
years towards the realization of centralization and 
interconnection. The largest of our stations are practi- 
cally as efficient as the greatest of the foreign super- 
stations—Barton, for instance, has reached 22 per 
cent. Interconnection has been proved profitable, 
notably in the Clyde Valley and Lancashire areas, but 
much remains to be done—the national load factor is 
still less than one-half that of some other countries, 
and the area of country adequately served is less than 


two-thirds of the whole. That this state of affairs 
should be remedied all will agree, but there is some 
divergence of view as to whether we need electrify so 
intensely or so rapidly as the other nations. There 
are also strong differences of opinion as to the means 
by which progress should be made—whether it should 
be left to the ordinary operation of economic forces 
or compelled by new legislation. Of these differences 
of opinion I say nothing, but leave everyone to draw 
his own conclusion from the facts I have set forth. 
Having examined our national standing in the world 
of electricity supply, we must now compare the use 
that is made of electricity here and in other countries. 
Information respecting our use of electricity in industry 
is vague, but it has been estimated to have been 
33 per cent in 1924. In Belgium the proportion is 
61 per cent, in Germany 60 per cent and increasing, 
in America 68 per cent. In Britain the private indus- 
trial generating plant is more common than abroad, 
but conversion to public supply has begun where it is 
justified, for instance in the Clyde Valley, the North- 
East Coast, South-East Lancashire, the South-West 


TABLE 10. 


The Electrical Industry in Northern France. 


Application 1921 1922 1923 
kW kW kW 
Mines .. ps 179 500 | 190 600 | 287 000 
Electro-metallurgy 53 500 95 000 | 119 500 
Electro-chemistry 11 400 13 200 20 600 
Foods (sugar, etc.) 41 500 44 400 65 000. 
Textile 103 600 | 111800 | 229 300 
Building 13 500 14 200 26 500 


Midlands, and a few other areas. The conversion in 
Germany during the past few years has amounted to 
an avalanche, and in France the vast development of 
public supply has fertilized every industry to such an 
extent that, instead of being a customer of Great . 
Britain, France has become an international rival in 
machinery and textiles. The distribution among the 
industries in Northern France is given in Table 10. 
The industrial consumption from public supply in 
Britain, which is 68 per cent of the whole output, is 
increasing at the rate of 18 per cent per annum, and 
will increase faster as electrical power is cheapened. 

In every country the railways should be one of the 
principal users of electricity, but only in Switzerland 
do we find main-line electrification well developed. 
There electrification was undertaken on a large scale 
because it aided general economic recovery and 
electrical manufacture at a critical period, and because 
water power could thus replace coal; at present 
1 750 miles of main line take 14 per cent of the electrical 
power consumed in Switzerland. In France the Midi 
and the Paris-Orleans lines are partly electrified 
already, and these will co-operate with the P.L.M. in 
making a revolution of the transport of France. 
Germany and America are not much ahead of Britain 
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in this matter, and opinion in these countries, sup- 
ported by Mr. Roger Smith and other authorities in 
this country, is that the substitution of the electric 
for the steam locomotive cannot make much difference 
in the cost of working a main-line railway. This 
accounts for there being only 116 miles of main line 
electrified in Great Britain. But this is not the national 
aspect of railway electrification. As Mr. Merz has 
pointed out, the wholesale electrification of the main 
lines of Britain would help in the financing of the 
national interconnection networks, and would extend 
electrical facilities into areas otherwise unavailable as 
modern factory sites. 

But although electric propulsion is not yet proved 
to be cheaper than steam on main lines, it is supreme 


TABLE 11. 


Suburban Electric Railways. 


. Miles of Car-mil Passengers 
City permanent "be E 
millions millions 
New York 622 282 1713 
London— 
Underground .. 139 65 318 
Metropolitan .. 86 24 105 
225 89 423 
Paris— 
Nord-Sud vs — 8-7 89 
. Metropolitan .. 76 59.0 529 
67:7 618 
Berlin ee T 3l 28 — 
Hamburg .. s — 9:1 88 
Madrid  .. M 16 — 30 


on suburban railways. The extent to which it has 
been applied in various cities may be seen from Table 11. 

Two forms of road transport utilize electricity, the 
tram and the free vehicle. In the development of the 
tram we take, I believe, quite a satisfactory position 
among the nations; but the free vehicle, especially the 
battery type, is less encouraged here than abroad. Of 
these vehicles the electric lorry deserves special notice. 
It is estimated that there are about 18 000 lorries at 
work in America and only 1000 here. American 
experience shows that the battery vehicle is more 
economical than the petrol vehicle for short-distance 
work—in fact, the running costs are about half those 
of other motor trucks—and that it is displacing the 
horse van in cities. But these economies can only be 
attained if the supply authorities organize for the 
expeditious replacement of exhausted batteries by 
fresh ones at suitable service stations. New York 
experience shows that 93 per cent of the charging is 


done in off-peak hours, and that one vehicle consumes 
on the average more energy than 20 residential 
consumers. It is doubly regrettable that a form of 
transport which avoids the importation of fuel from 
abroad, and which positively improves any load factor, 
is so neglected in this country. 

The preceding paragraphs relate to industries that 
use electric power for driving or propelling, but there 
is a great class of modern industries which uses electricity 
in a different way, namely, the electro-metallurgical 
and electro-chemical industries. It is difficult to obtain 
statistics of the consumption by these industries in 
Britain, but one of the most important of them is the 
aluminium industry, and Table 12 gives comparative 
figures of the production of the metal in different 
countries. The export and import figures of the Board 
of Trade help us to estimate our position. Of crude 
aluminium, in 1924 we imported £1 263 000 worth from 
Norway, Switzerland, the United States and Canada, 
and exported £340 000 worth of our own production. 
Of electrolytic copper, we imported £6 531 000 worth, 
mostly from the United States, and exported £38 000 
worth. Less important, but very interesting, figures are 
those relating to sodium; in 1924 we imported 
£41860 worth from Norway and exported £14 000 
worth ; in 1925 we imported only £17 000 and exported 
over £28 000 worth, showing that an adverse had been 


turned into a favourable trade balance in one 
TABLE 12. 
Production of Aluminium. 
1923 1923 1924 

metric tons metric tons metric tons 
U.S.A. 33 600 58 500 65 500 
Norway 4 900 9 600 22 000 
Germany .. 12 500 16 100 18 700 
France : 7 500 17 000 18 500 
Great Britain 5 000 8 000 12 000 


year. A similar tendency appears in the figures 
for magnesium; £3 546 worth was exported in 1924, 
though hitherto all magnesium had been imported. 

A most important branch of the electro-chemical 
industry is the fixation of atmospheric nitrogen. 
It is centred mainly in the new works at Billingham 
and is now firmly established. Synthetic ammonia 
and nitrates are beginning to appear in our exports. 
In 1925 the electrical production of ammonium sulphate 
exceeded 300 000 tons, and therefore rivalled by-product 
sulphate. In the production of calcium carbide and 
its derivatives, however, we cannot compete with the 
great water-power countries. The import of calcium 
carbide in 1924 was of value £530 000, mostly from 
Norway, Jugo-Slavia and Sweden, and the export of 
our own manufacture only £11 000; of cyanamide, the 
import was £16 000 in value and the export negligible. 

The farmer ought to be a large consumer of electric 
power, for electricity has invaded agriculture in many 
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ways. Electric light is as welcome on a farm as any- 
where, and the electric drive is applicable to more than 
a hundred agricultural machines. In addition, there are 
processes that require accurate rates of heating, various 
forms of electro-culture, various ingenious ways of 
influencing the yield of eggs and milk, and applications 
to the bacteria of the dairy. In Germany more than 
90 per cent of farms have an electric supply, and in 


TABLE 13. 


Mileage of Telegraph Wire and Number of Telegrams 
per Annum (1924). 


Miles of wire lee, 

millions 
United States 1 925 000 195 
Germany .. 532 000 36-6 
France 474 000 60-8 
Russia  .. 375 000 — 
British India 353 000 — 
Canada 316 000 — 
Great Britain 312 000 62-2 
Italy 260 000 18-5 
Argentina 190 000 — 
Japan 163 000 59-4 
Poland 115 000 — 
Australia 103 000 17:3 
China 90 000 — 
Spain 82 000 — 


1925 their consumption totalled 1030 million units, 
the maximum load being 400000 kilowatts; Swiss 
farms consumed nearly 400 million units in 1925; in 
France the State is giving financial assistance towards 
universal electrification of agriculture; in Japan there 
is great electrical activity, especially in the tea industry ; 
in America 700 000 farms have an electric supply, but 


TABLE 14. 

Telephones per Hundred of Population. 
United States.. 14-2 Norway 6-1 
Canada 11-6 Australia 5.5 
Denmark - 9-0 Switzerland 4-8 
New Zealand .. 8-7 Germany se 3:9 
Sweden - 6-9 Great Britain.. 2-8 
Hawaii.. .. 6-2 Netherlands 2.8 


Total world average, 1-4. 


the consumption is only 30 million units per annum— 
scarcely justifying the outlay of £250 per mile on 
transmission lines, which, by the way, is about half 
the cost of similar lines in Britain. In our own 
country only 650 farms, that is, 1-3 per cent of our 
half-million farms, are supplied with electricity, and 
their consumption is insignificant. Compared with 
America our distances are small, and therefore there 
is no physical difficulty in opening up a large market 
for electric power. 
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Finally we come to the domestic use of electricity. 
Its amount varies greatly from one country to another. 
In Switzerland, where coal is dear and hydro-electric 
power cheap, 90 per cent of the dwelling houses are 
supplied with electricity ; in Great Britain, where coal 
is cheap, only 18 per cent. In Tokio 70 per cent of 
the houses are lighted electrically; in Amsterdam 
88 per cent. In Glasgow and Manchester less than 
10 per cent of the houses are wired, the majority using 
coal-gas. But in some British cities domestic con- 
sumption of electricity is increasing rapidly; for 
example, in Leeds it is increasing 27 per cent per 
annum. Actually, the annual domestic consumption 
in Britain is, according to Mr. Woodhouse, only 10 units 


TABLE 15. 


Telephones ber Hundred of Population in Two Important 
Cities (Populations over 400 000) of each Country. 


United States San Francisco .. 29-9 
New York 4s cAlsT 
Canada Toronto.. .. 23-2 
Montreal .. 15:5 
Germany .. Frankfort .. 10:7 
Berlin 9.9 
Australia .. Sydney .. 8-0 
Melbourne 7-6 
France Paris 7-6 
Lvons 2:7 
Holland The Hague 7-0 
Amsterdam 5-2 
Great Britain .. London .. 5-9 
Glasgow 3-7 
Belgium Brussels 5.4 
Antwerp 4-0 
Japan Tokio 5-3 
Osaka 4:8 
China Peking .. 2-9 
Shanghai 1-5 
Russia Moscow .. 2:5 
Leningrad 2.4 
Italy Milan 2:5 
Rome 2:2 
Spain Barcelona 2.4 
Madrid .. 2.1 


per head per annum where it ought to be 40 to 60. 
Probably this is partly due to our efhcient coal-gas 
service. But illumination is a very large proportion 
of our domestic electrical load) which is unfortunate 
because a lighting load has a low power factor com- 
pared with a heating and cooking load. American 
experience on this point has demonstrated that the 
heating and cooking load in a city may become more 
important to a supply authority than the industrial 
load. For every reason, therefore, we all hope that 
the campaign of the Electrical Development Associa- 
tion and the Electric Lamp Manufacturers’ Association . 
meets with the success it deserves. 

In order to examine our national position in respect 
of electro-communication engineering, I take in turn 
internal and external communications. The simplest 
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columns so far as these are complete ; for if the number 
of telegrams per head of population and the number of 
words per mile of line be worked out, two useful 
criteria are obtained and place Great Britain very high 
in the list. Another criterion would be the proportion 
of machine to manual transmission, but statistics are 
dificult to get. 

The telephone statistics of the world have been 
published by the American Telephone and Telegraph 
Co. and are of great interest. Table 14 gives 
the number of telephones per hundred of population in 
various countries. They indicate that our people are 
not great telephone users. This is confirmed by 
Table 15, which gives the number of telephones per 
hundred of population in two of the principal cities of 
a number of important countries. Here it is seen that 
even the busiest British cities do not install the tele- 
phone as freely as Frankfort, Berlin, Sydney and Mel- 
bourne, Paris and The Hague. Perhaps a better test 
of telephone utilization is the number of conversa- 
tions per head per annum given in Table 16. It will 
be seen that while the average American talks 191 times 
per annum, the average Englishman talks only 23 times. 
Table 17 gives the number of conversations per instru- 
ment installed and shows that we get less service from 
each instrument than most other nations, or, if we look 
at it from the other side, the supply of telephones in this 
country is leading the demand, which is as it should 
be for progress. Good progress is also indicated by 
Table 18, which shows that our telephone population is 
increasing at the rate of 10 per cent per annum. 
Finally, Table 19, which has kindly been furnished by 
the Engineer-in-Chief of the Post Office, gives the 
most recent statistics of our telephone development and 
confirms, I think, the foregoing remarks. 

Under the heading of line telegraphy must be placed 
that form known as the carrier method, in which 
alternating current of audio or radio frequency is 
used. The alternating current may be, and usvally is, 
imposed upon existing telegraph and telephone lines. 
Germany has recently proved that six distinct fre- 
quencies below 4 000 per second may be simultaneously 
transmitted through telephone cable circuits without 
interfering with telephone subscribers, and on each 
channel speeds of nearly 200 words per minute can be 
transmitted. In America, Australia and this country, 
frequencies of 10000 to 40000 are regularly used. 
Here there are eight carrier-current circuits working 
regularly, and in America there are many more—but 
complete statistics of such circuits are not yet available. 
It is sufficient to note that our engineers are prepared 
to apply this method on a large number of existing 
circuits if increase of traffic should demand it. 

External communications comprise submarine cables 
and wireless circuits; and these will be considered in 
turn. About £25 000 000 of British capital is invested 
in cables and a revenue of about £10 000 000 per annum 
is collected, and therefore cable telegraphy is one of 
our most important electrical industries. From the 
Berne list of the cable network of the globe I have 
prepared Table 20 to show the mileage of cables con- 
trolled by the nations of greatest importance in this 
respect. It will be seen that the British Empire con- 


trols double the length of cable controlled by America 
and more than four times as much as France. The 
rate of increase per annum in mileage from 1922 to 
1924 is 3 per cent for Britain, 4-1 per cent for America, 
2-3 per cent for France and 4-0 per cent for Japan. 
There have been further increases in the lengths of 


TABLE 20. 
Sea Miles of Submarine Cable. 


Government| Company Total 
Britain 1922 23865 | 135911 | 159 766 
1924 26 640 | 142690 | 169 330 
United States.. 1922 3 496 .43 513 77 009 
1924 3 406 79 802 83 298 
France . 1922 16 033 18 023 34 056 
1924 17 596 18 023 35 619 
Denmark 1922 526 8 418 8 944 
1924 509 8 418 8 927 
Japan .. 1922 | 7810 = 7 810 
1924 8 442 — 8 442 


British cable recently, most of them loaded with per- 
malloy or mumetal. Moreover, in 1924, an eight-pair 
continuously loaded telephone cable was laid to Holland, 
and recently one with 14 pairs was laid to Belgium, 
thus making a great contribution to Mr. Gill’s vision of 
international telephony. I think we may conclude 


TABLE 21. 


Long waves Short waves 


Class I Class II Class I Class II 


—  ——— A M | —————————— 


United States.. 
British Empire 
France 

Italy 

Russia.. 

Germany 

Japan.. 

Poland "e 
Holland and Colonies . 
China .. 

Spain .. 

Chile 

Sweden 

Argentine 


= | | m Mo o NoP»UODOGOG 


| | t9 t tr | i — 05-0 


* Beam stations approaching completion, 


that Britain is the most highly equipped country in 
respect of submarine cables. 

In the field of wireless communication there are 
several branches to be surveyed: (1) Long-range 
telegraphy and telephony equipment, (2) short-range 
telegraphy and telephony equipment, (3) equipment for 
important or special commercial purposes. As in dis- 
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cussing submarine cables, I have found it necessary 
to base a comparison of the nations on their equip- 
ment because of the impossibility of collecting traffic 
or revenue statistics in any of the above branches of 
the subject. Long-range radio-telegraphic stations are 
tabulated in Table 21, from data kindly supplied by 
the Wireless Telegraph Board and the Wireless Section of 
the Post Office Engineering Department. Thedataofthe 
long-wave stations are quite trustworthy, but the data 
of the short-wave stations are uncertain; the endeavour 
has been to include only those short-wave stations 
which are known to be engaged upon or destined for 
commercial traffic. I have included the four beam 
stations being built in this country for the Post Office 
by the Marconi Company and the four corresponding 
beam stations in the Dominions and India, because 
they may be expected to be carrying commercial traffic 
very shortly. It ought to be added that the only 
transoceanic telephony circuit in the world is that 
between the Long Island station of the Radio Corpora- 


TABLE 22. 


Wireless Telegraphy Short-range Land Stations. 


United States 387 

Possessions 188 
—575 

Great Britain and N. Ireland 114 

Dominions and India .. T 96 

Colonies .. .. 115 
— 325 

France et eu 2s a 86 

Colonies .. ud P T 56 
——]142 
Russia A ze ES 25 84 
Italy and Colonies ia iu 56 
Holland and Colonies Da T" 47 
Spain and Colonies xs - 45 
Argentine .. vs m Vs 40 
Germanv .. sa ix T 38 


tion of America and the Rugby station of the Post 
Office ; through these stations it is physically possible 
to place any telephone subscriber in Western Europe 
in touch with any telephone subscriber in North America. 
From the table it will be seen that when the beam 
stations are at work the British Empire will be as well 
equipped for long-range wireless communication as any 
other political unit. 

Short-range land stations are very numerous in the 
principal countries, many of them being devoted to 
communication with ships. Table 22 gives the numbers 
of such stations in operation in 1924. Another type of 
short-range land station comprises the beacon and direc- 
tion-finding for aiding navigation. Of these the United 
States possessed 46 in 1924, France and colonies 18, 
the British Empire 13 (of which 8 are in Canada), 
Norway 5 and Germany 4. Of hydrographic stations, 
for conveying ice warnings, etc. Canada had 35, 
Australia 11, and Great Britain 10, the United States 
43, France 21, Germany 11 and Russia 9. For com- 
municating with aeroplanes France had 41 land stations, 
Britain 23 and the United States 14 in 1924. 


Wireless telegraphy has, of course, great application 
in shipping. Table 23 gives the number of ships 
equipped by the chief shipping countries. These 
figures include naval vessels. 

Among the other special applications of radio-tele- 
graphy and radio-telephony, the best known is wireless 
broadcasting. Its industrial importance in various 
countries may be measured in two ways, first by 
counting the number of transmitting stations of large, 
medium and small size in each countrv, or, second, by 
estimating the number and value of receiving sets. 


TABLE 23. 
Wireless Telegraphy Ship Stations, 1925. 


Great Britain.. 3 996 Italy 806 
United States.. 3120 Germany 752 
France.. 1 404 Spain 429 


We must perforce adopt the first method in the absence 
of accurate estimates of the latter. Table 24 sum- 
marizes the available information of the broadcasting 
stations of the world. From it we see that, from the 
point of view of the cost or magnitude of the equip- 
ment, the industry is of small importance compared 
with other branches of the wireless industry, the total 
power of the world’s broadcasting transmitters being 


only about 620 kilowatts. The aggregate power 
TABLE 24. 
Transmitting Stations for Broadcasting. 

ssoxw | rego | S10 | ES | sman | Tota 
United States 1 2 15 54 484 556 
Australa .. — 1 5 l 16 23 
Britain i -—— ] — 10 10 21 
Germany .. — l — 6 14 21 
Poland is 1 —- — — — l 
France Lees — |! — 5 16 21 
Canada | —. — l 4 54 59 
Austria -- 1 l l 3 
Spain | == =< — 2 25 27 
Sweden s — -— | — 2 20 22 
Argentine .. — ies — 6 2 8 
Switzerland.. —— — — 3 4 7 


employed in the broadcasting stations of the United 
States is 356 kilowatts, in Europe (including the British 
Isles) 193 kilowatts and in the British Empire (includ- 
ing the British Isles) 100 kilowatts. The power 
installed in the broadcasting stations of Great Britain 
is about one-fifth of that of the rest of Europe. From 
these tables it is clear that our broadcasting equipment 
compares satisfactorily with that of the other European 
nations. 

This survey of our relative standing in the electrical 
world must include a reference to the home and export 
markets in electrical machinery and apparatus. The 
home market has, of course, shared in the general 
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depression of the basic industries. Colonel Morcom, 
Chairman of the British Electrical and Allied Manu- 
facturers' Association, has stated that our electrical 
firms have suffered a serious falling off in orders since 
the first quarter of 1925, especially orders from col- 
leries, iron and steel works, and textile factories. 
During 1925 the value of home orders for electrical 
machinery was 15 per cent lower than in 1924, and 
totalled only half of that required to match the 
electrical progress of other nations. Colonel Morcom 
estimates that in 1925 the total turnover of electrical 
manufactures in America was £284 000 000, in Germany 
£90 000 000, and in Great Britain £70 000 000. 

The export market, on the other hand, showed 
remarkable and encouraging features. Statistics of 
our electrical exports in 1912, 1913, 1923, 1924 and 
1925 are piven in Appendix II. In most items of the 
classification the value of the post-war annual exports 
exceeds the pre-war. This is brought out by Table 25, 
which is compiled from the Appendix. We cannot 
read these figures without admiring the technical 
efhciency and the excellent business organization 
which has achieved such results, especially when we 
reflect upon the smallness of the home market. The 
fgures are a striking contradiction to the well-known 
postulate that a big export trade in manufactures 
cannot be built up without a much larger home market. 


TABLE 25. 


Percentage Increase of Exports im 1925 over Exports 
1n 1913. 


Electrical machinery and switchgear .. 153 
Wire and cables, not telegraphic .. .. 177 
Telegraph and telephone apparatus .. 878 
Lamps and thermionic valves  .. .. 225 
Batteries, chiefly accumulators .. .. 330 
Miscellaneous electrical goods 210 


British electrical exports are now 25 per cent of the 
total turnover of the industry, perhaps too large a 
proportion. The corresponding proportion for Germany 
was 15-7 per cent, for America 5:5 per cent, in 1925. 
The result of all this activity is that American, British 
and German electrical exports are now nearly equal ; 
before the war German electrical exports were more 
than the British, American and French put together. 
The ‘‘export’’ of submarine cable for telegraphy 
and telephony was of value £1 601000 in 1925 as 
compared with £1 904 000 in 1913. This drop has no 
omen for the industry, it merely marked a stage of 
waiting for the development of the loaded cable. In 
1924 a new type of cable, loaded with permalloy, was 
laid from New York to the Azores, and since then about 
12 000 miles of loaded cable have been ordered. The 
loading of these new cables is either the American 
permalloy or the English mumetal, and makes it 
possible to send across the Atlantic at the rate of 
2500 letters per minute. All of this new cable has 
been, or is being, manufactured in England excepting 
a length for connecting Emden to the Azores, which is 
being made in Germany. It is satisfying to know that 
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so large a share in the newest of submarine cable 
developments is being taken by Britain. ` 

Turning to the imports of electrical goods, which are 
set forth in Appendix III, we find that the imports of 
heavy electrical machinery are 30 per cent less than 
before the war, and that the imports of power cables, 
chietly non-rubber types, have increased 50 per cent. 
There has been an increase of 115 per cent in imports 
of lamps, and of 610 per cent in imports of batteries. 
Our wireless imports amount to £788 000, which is 
61 per cent of the value of our exports. Some of these 
increases are uncomfortably high, and the largeness or 
the wireless imports is disappointing. 

An estimate of our position among the three principal 
exporting nations may be made from Appendix I, 
where the electrical exports of America, Britain and 
Germany are set ouf. In heavy electrical machinery 
the order of importance in 1913 was Germany, Britain, 
America; in 1925 it is Britain, America, Germany. 
In cables the order in 1913 was Britain,. Germany, 
America; in 1925 the same. In telegraphic apparatus, 
not wireless, Germany was far ahead in 1913, but in 
1925 the order is Britain, Germany, America. In the 
new wireless industry America leads easily and Britain 
is last. It is disappointing to learn that out of 
£6 000 000 worth of wireless goods imported by Australia 
during the past 3? years, British apparatus was of 
value only £700 000 and the rest mostly American. 
America has, of course, a large home market for wireless 
apparatus—the turnover last year was estimated to be 
more than £100 000 000, about tenfold the estimated 
British turnover. This fact, combined with the relative 
nearness of Australia to the United States, explains to 
some extent the smallness of our wireless exports to 
Australia. 

Another disappointing item of the comparison in 
Appendix I is, I think, the position of the British 
electrical instrument industry. In 1925 our exports 
were £366 000, imports £270 000. The exports of 
German electrical instruments amounted to £1 556 000 
and their imports were very small. Can this Institution 
do anything, say, by promoting an Electrical Instrument 
Convention, to stimulate this particularly important 
industry ? 

One of the most useful tests of the health of the 
scientific industries of a country is afforded by the 
statistics of its Patent Office. This test is particularly 
applicable to the electrical industries which progress, 
more than any other industries, by means of research 
and invention. In fact, in the electrical world, every 
great new industry has been the result of invention— 
as witness the telegraph, the dynamo, the telephone, 
the electric lamp and the steam turbine—and very 
many of the improvements in the methods of electrical 
manufacture have been based on research and invention. 
I have therefore obtained some statistics of the patents 
granted in the three principal electrical countries and 
tried to interpret them. First it is to be noticed that, 
in 1925, about 49 000 patents were granted in America, 
16 000 in Germany, and about 15 000 in Great Britain 
and Northern Ireland. In America 89-2 per cent were 
native inventors, in Germany 77 per cent, in Britain 
57 per cent. Of the whole number of patents the 
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electrical proportion was 9:8 per cent in America, 
10-3 per cent in Germany and 21 per cent in Britain. 
The electrical patents form, of course, the section of 
greatest interest to this Institution. Of the American 
electrical patents, 13-5 per cent are of foreign origin ; 
of the German, 26 per cent are foreign, and of the 
British electrical patents, 59 per cent are foreign. 
This appears to indicate that we, as a nation, are not 
doing our due proportion of the highest form of the 
brain work required by our electrical industries. This 
conclusion is confirmed by other statistics I might have 
cited regarding the relative smallness in number of 
the patents held by Englishmen in America and 
Germany. It is confirmed, also, by a study of various 
branches of the electrical industry—in manv branches 
tne number of Engiishmen holding patents in foreign 
countries is much lower than the number of other 
foreigners holding patents. The main conclusion is that 
Englishmen are, at the present epoch, making many 
fewer electrical inventions than is expected of them. 

The figures quoted in the preceding paragraphs 
show that we, as a nation, are, on the whole, importing 
more inventions than we originate— in other words, 
the improvement of our manufactures and the founding 
of new industries here, so far as they are based upon 
invention, is dependent largelv on brain work done 
abroad. In addition, we export fewer inventions than 
the other leading nations do. Thus in this intellectual 
side of industry we have a big adverse trade balance, 
for which, doubtless, we pay a correspondingly large 
annual tribute in money. This is an item which the 
economists seem to have omitted from their list of 
invisible imports. 

Can any remedy be suggested for the state of things 
just described ? A remedy is indicated on looking at 
the American and German records of education and 
research.  Necessitv is said to be the mother of inven- 
tion, but research is certainly its father, and technical 
education a grandparent. Compared with America 
and Germany, there are too few technical colleges and 
research laboratories in this country. The huge pre- 
war leeway in research has not yet been made up, in 
spite of the splendid post-war efforts of some of our 
great electrical concerns and our research associations. 
It seems that we have to choose between two courses : 
either we must spend money on technical education 
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and research at home or, as an alternative, we must 
pay other nations to do the necessarv brain work for 
us. This choice cannot be evaded. Inaction is not a 
loophole. By doing nothing we should merely find 
that some of our scientific industries would become out 
of date relative to the leading nations. The instru- 
ment industry appears to have recognized the urgency 
of its own needs and has supported its research associa- 
tion handsomely—if the cable industry and the heavy 
electrical industry were to organize similarly liberal 
support for other corresponding research associations, 
for instance, by a levy on turnover, the adverse trade 
balance shown by the Patent Office would probably be 
remedied in due course, and we might again export 
British inventions. 

The remedy just indicated is a fundamental one and 
will consume a decade or more in bearing fruit; but 
at this moment we require immediate remedies for the 
immediate needs disclosed by the analysis. Of these 
needs, that of cheapening the supply of power to the 
industries of the country is the most pressing. To 
ettect this cheapening, we are urged to turn Britain 
into a single power zone. ‘This remedy is not of our 
choosing—-it is forced upon us by the calculated action 
of rival manufacturing nations who have convinced 
themselves that electrification is the only way of 
modernizing the whole of industry and who have pro- 
ceeded feverishly, and sometimes harshly, to execute 
their schemes. We, as electrical engineers, desire 
nothing more than to help forward the electrical 
modernization of our own country in any manner that 
may be agreed upon by the nation generally; and we 
believe that if electrification is pursued steadily and 
tactfully, it can be accomplished without causing 
hardship or injustice to anyone. 

My grateful thanks for help in collecting much of 
the information and statistics utilized in this Address 
are due to the following: The Statistical Department 
of the Board of Trade, the Patent Office, the Engincer- 
ing Department of the Post Office and its Wireless 
Section, the Wireless Telegraphy Board, the Statistical 
Department of the British Electrical and Allied Manu- 
facturers’ Association, the British Aluminium Co., the 
Telegraph Construction ‘and Maintenance Co., F. J. 
Brown, Esq. C.B., C.B.E, Captain J. Slee, R.N., 
O.B.E., and Captain L. F. Flugge, B.Sc. 
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APPENDIX I. 


UNITED STATES OF AMERICA. 


Statement showing the Value of Electrical Goods and Apparatus and of Electrical Machinery Exported during the 
l undermentioned Years. 


Article 1913 1924 1925 
Electric wires and cables, insulated— £ £ £ 
All kinds .. as si p - a T ER 258 269* 971 901 ] 070 398 
Telegraph and telephone instruments and apparatus .. -- — 1 018 271 873 282 
Wireless apparatus (except wireless valves) .. i px 371 223 1 365 171 2 051 110 
Electric lamps (all kinds) T T ne s iis 141 937 586 531 703 713 
Electrical instruments (including ammeters, voltmeters, etc.) | Not distinguished 450 676 443 890 
Wireless valves oe = sg " eis ey .. | Not distinguished | Not distinguished | Not distinguished 
Electrical machinery, all kinds (including control and 
switch gear, magnetos, etc.) m fà T" m 1 671 281 5 343 922 4729 777 
Electric locomotives— 
Railway .. zs T a sit R T by — 435 320 99 755 
Mining and industrial .. pa - E = Ja 51 545 72 419 68 480 
All other electrical goods and apparatus a js - 3 351 466 e 6 534 044 6 264 109 


* June-December only. The previous six months are included in all other electrical goods and apparatus. 


GREAT BRITAIN. 


Statement showing the Value of Electrical Goods and Apparatus and of Electrical Machinery Exported during the 
undermentioned Years. 


Article 1913* 1924f 1925f 
Electric wires and cables, insulated— £ £ £ 
All kinds (not being telegraph or telephone wire or cables) 962419 2 506 467 2 665 445 
Telegraph and telephone wires and cables (not being sub- 
marine cables) «s T c$ dus bel us 711 329 ] 021 999 705 357 
Submarine telegraph and telephone cables .. "m bd 1 903 915 948 156 1 601 401 
Telegraph and telephone instruments and apparatus— 
Wireless (except wireless valves) A £s Si vd 465 292 1 106 445 
Other ah = su jd T T 94 ae 290 279 2 193 922 1 724 886 
Electric lamps, all kinds (and parts thereof) .. T bs 218 796 361 793 527 143 
Electrical instruments (other than telegraphic and telephonic)— 
Commercial (including ammeters, voltmeters, etc.) .. - Included in all 180 861 164 334 
House meters and parts thereof P " wa - other electrical 197 708 134 540 
Scientific ee sis ub Pu és E ats goods 67 635 66 969 
Wireless valves . as As T T Ps .. | Not distinguished 176 403; 183 304 
Electrical machinery, all kinds (including control and switch 
gcar, magnetos, etc.) Es s i - x 2 269 433 5 353 085 5762 331 
All other electrical goods and apparatus es in ws 1 299 535 2 570 717 2 726 775 
* The particulars relate to the British Isles. f The particulars relate to Great Britain and Northern Ireland only. 


2 Including X-ray and vacuum tubes. 


GERMANY. 


Statement showing the Value of Electrical Goods and Apparatus and of Electrical Machinery Exported during the 
undermentioned Years. 


Article 1913 1924 1925 
£ £ £ 
Electric wires and cables, insulated (all kinds).. - Es 3 000 000 2 197 000 2 184 000 
Telegraph and telephone instruments and apparatus .. ad 472 000 714 000 909 000 
Wireless apparatus (except wireless valves) .. T. T 81 000 1 043 000 1 458 000 
Electric lamps (all kinds) EN Us n? a E 2 626 000 ] 369 000 1 451 000 
Electrical instruments, measuring appliances .. ss 2a 1 191 000 1 660 000 1 556 000 
Wireless valves me ie s A zd - Not distinguished | Not distinguished | Not distinguished 
Electrical machinery (all kinds) .. js T bos T 3 166 000 2 487 000 2 554 000 
All other electrical goods and apparatus m vs i 5 400 000 6 088 000 6 547 000 


Note.—The particulars for 1913 relate to the trade of the pre-war German Economic Union (Wirtschaftgebiet). The particulars for 1924-5 relate to the 
trade of the reduced German customs territory as settled by the Peace Treaties, etc., i.e. it excludes Luxemburg, Alsace-Lorraine, the Saar Basin and parts of 
Upper Silesia and East Prussia, etc. The result tends to increase the recorded exports owing to the transfer of what was formerly internal to external trade, 
most of the works being within the present frontiers. 
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APPENDIX II. 
(A) BRITISH EXPORTS. 


Statement showing the Quantity and Value of Electrical Goods and Apparatus and of Electrical Machinery, the 
Produce and Manufacture of the United Kingdom Exported therefrom during the undermentioned Years. 


1912 
Article TR EAR 
Quantity x Value 
Electric wires and cables, insulated :— £ 
Rubber insulated (not being telegraph or telephone wires or cables) .. Value — 481 291 
Insulation other than rubber (not being telegraph or telephone wires or cables) Value — 699 613 
Telegraph and telephone wires and cables (not being submarine cables) X Value -— 456 006 
Submarine telegraph and telephone cables - bs - Es Js Value — 1 097 093 
Telegraph and telephone instruments and eee: -— 
Wireless (except wireless valves T T b - T E Value = 
Other li pé "E - pum $s is 25 Ux i3 ae Value } m ROOM 
Carbons, electric :— 
dud s^ $e js si - s ts sie pa - Number 
Furnace. si its Eg wie vid T gs T M - Number 2 636 864 11 839 
Other .. wi eu Ps e T ws - Number 
Electric lamps and parts thereof :- — i 
Electric glow lamps : 
Gas filled es og a Ji n ak a ae os € Number 
Other ] eod as ue Se os| Numbers] 3 164 401 xia 
Arc lamps and electric searchlights . "D Us e s Vs gi Number 2 982 15 400 
Parts thereof (except carbon rods) . ix s - ix P - Value — 19 137 
Batteries :— 
Primary : 
For hand flash imn ue He i T ix pi gx i Value 
Other T ws is xe - 2d 5 T jx Value 
Accumulators (including parts) :— — (a) 223 271 
Portable «s 2 es on aes si ae - = Value 
Stationary ., us is $5 $5 Value 
Electric bell EE (not telegraphic or telephonic) i2 bs = Js Value Included in electrical poen? 
and apparatus, not else- 
where specified 
Electric lighting anena and fittings üeludig switches) ez ai T Value Ditto 
Electrical instruments (other than telegraphic and telephonic) :— 
Commercial (including ammeters, voltmeters, etc.) DA is js 2s Value Ditto 
House service meters : 
Complete .: A s3 d T - E a T 2 Number Ditto 
Parts T is die pa T ut - sa "T sa Value Ditto 
Scientific T i be is 54 Value Ditto 
Electro-medical apparatus (other than X- -ray apparatus) se di i z: Value Ditto 
Permanent magnets : ; "m ju 7 Y Value Ditto 
Ad uis other than telegraph and d telephone T - is be aie Value Ditto 
ireless valves .. is als i s n Value ae 
X-ray tubes and vacuum tubes. ga P z T Value } Novdistngushed 
Electrical goods and apparatus, not elsewhere ‘specified ag ES X: i5 Value — 905 794 
Electrical machinery :— 
Generators : 
Alternating current sus vis s s va T at ia Tons 
Direct current P m ke på as ae ja 2x $4 Tons 
Motors : 
Railway and tramway T - E éd - T 2d pi Tons 
Other : 
Alternating current gi - as p is ba sie is Tons 
Direct current  .. "E T is V4 id Tons 21 071 1 969 301 
Converters and transformers, ‘includin g coils : 
Rotary be is T - = ave J4 T - Pu Tons 
Static.. ; ad T is es Du cà ru s Tons 
Control and switch gear as "e A js ig T: 54 x Tons 
Magnetos, ignition  .. as ee gs T M Tons 
Electrical machinery, not elsewhere specified is js vs X $3 Tons 


(a) Primary and secondary batteries. 
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APPENDIX II—(Continued). 


(A) BritisH Exports (Continued), 
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Statement showing the Quantity and Value of Electrical Goods and Apparatus and of Electrical Machinery, the 
Produce and Manufacture of the United Kingdom Exported therefrom during the undermentioned Years. 


Quantity Value Quantity Value Quantity Value Quantity Value 
£ £ £ £ 
= 421 691 - 1117 831 = 1 322 836 " 1428 411 
ER 540 728 2 917 314 m 1 183 631 = 1 237 034 
i 711 329 m 859 218 = 1 021 999 I 705 357 
nn 1 903 915 zz 2 530 610 M 948 156 = 1 601 401 
- 300 156 Ss 465 292 = 1 106 445 
= 290279 |{ = 1 538 825 em 2 193 922 n 1 724 886 
951 871 7 634 1 031 496 1 669 716 700 5 924 
2 296 302 10 064 296 048 46 681 68 923 11 248 23 696 10 859 
971 634 12 350 1 004 597 8 468 323 074 6 634 
1 137 492 112 138 1 460 299 137545 | 2173 580 230 082 
3 081 693 152456 |{ 4053145 226 347 3 687 479 203 701 | 4838815 280 749 
2 565 14 512 708 7 856 873 7 065 528 11 720 
ns 51 828 m 2 617 = 3 482 ER 4 592 
10 251 = 12 294 ae 11 427 
= 103 493 on 112 456 nA 137 835 
= (a) 226 325 
EN 158 027 = 210 082 is 338 892 
= 287 148 = 407 303 is 485 098 
Included in electrical goods — 6 225 — 7 561 — 8 306 
and apparatus, not else- 
where specified 
Ditto = 549 039 n 603 496 ET 654 234 
Ditto -- 129 231 EE. 180 861 S 164 334 
Ditto 126 230 175 805 125 661 170 327 83 170 115 734 
Ditto Not distinguished — 27 381 — 18 806 
Ditto San 43 451 = 67 635 Sn 66 969 
Ditto = 21 090 es 17 951 ES 15 994 
Ditto = 1 282 ER 1206 Z 4127 
Ditto = 102 639 EM 90 918 A 88 155 
Not distinguished — 84 655 set 176403 | { Z Sin dod 
z 1 063 146 2 874 464 = 1 080 066 m 948 794 
2 452 494 150 4 671 707 825 2 661 404 661 
1 854 380 470 3 283 544 593 2 008 391 546 
1 993 351 485 3 023 577 819 2 959 545 632 
3 293 555 516 3 640 568 916 5 452 807 009 
26 860 2 269 433 2 907 493 249 2 845 499 807 3 217 551 963 
859 133 682 1 907 268 129 , 2312 339 773 
1 933 258 907 3 492 430 892 4 409 539 948 
2178 521 570 3 925 945 251 6238 | 1359579 
20 26 576 28 28 340 31 29 546 
3 514 735 490 4 615 781513 3 929 792 674 


1913 


1923 


(a) Primary and secondary batteries, 


1924 


1925 
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APPENDIX II— (Continued). 
(B) EXPORTS OF IMPORTED MERCHANDISE. 


Statement showing the Quantity and Value of Foreign and Colonial Electrical Goods and Apparatus and Electrical 
Machinery Re-exported from the United Kingdom during the undermentioned Years. 


1912 
Article Quantity 
denomination 
id Quantity Value 
Electrical goods and apparatus :— * 
Electric wires and cables, insulated : 
Rubber insulated (not being telegraph or telephone wires or cables) T Value — 8 591 
Insulation other than rubber (not being telegraph or telephone wires or 
cables) - Value = 815 
Telegraph and telephone wires and cables (not being submarine e cables) «5 Value pue 3 378 
Submarine, telegraph and telephone cables T vd à i - Value — 3 030 
* Telegraph and telephone instruments and ee 
Wireless (except wireless valves ; - us Y s Value 
Other is ax i 2 T T s M is xs Value j nd 137 574 
Carbons, electric : 
Lighting g2 - os m js vs a sy is 24 Number 
Furnace xr vis T T x be bee ES zs x. Number ] 512 709 6 269 
Other ; dis »s ou S i ics - Number 
Electric lamps and parts thereof : 
Electric glow Spes 
Gas filled .. : - iu 7 Ps ia; = pu PES Number 
Other - LI - e Bas mi ys Number} 365 186 20 952 
Arc lamps and electric searchlights s "T s^ bs s - Number 461 1 941 
Parts thereof (except carbon rods) si T ss " 8s - Value — 3 167 
Batteries : 
Primary : 
For hand flash lamps  .. Ps ve T T - E is Value -= 2 595 
Other T ae - i "E ki <3 $3 Value eis (b) 
Accumulators (including parts) 
Portable k ate E ps ss N - As Value — — 
Stationary .. T sh ia "n Value ee = 
Electric bell apparatus (not telegraphic or telephonic) - pa ja mn Value 
Electric lighting accessories and fittings (including switches)  .. 13 s Value 
Electrica] instruments (other than telegraphic or telephonic) : 
Commercial (including ammeters, voltmeters, etc.) — .. iiu es i Value 
House service meters : 
a tea T bs vs x4 or T - - m Number 
Parts.. .. T€ X ja is M. s ix ps j5 Value (a) (a) 
Scientific — .. is ie es Value 
Electro-medical apparatus (other than X-ray apparatus) "A id p Value 
Permanent magnets .. ; ; es id Eu Value 
Switchboards, other than n telegraph c or r telephone - se m gi Value 
Wireless valves.. gu T - T T Value 
X-ray tubes and vacuum tubes , = - a T Value j} 
Electrical goods and apparatus, not elsewhere specified i in e sc Value = 37 465 
Electrical machinery :— 
Generators : 
Alternating current sk ate - = hg jn S sa Tons 
Direct current is Pi "t gii - T i 25 vs Tons 
Motors : 
Railway and tramway - T is $a S = si sa Tons 
Other : 
Alternating current EM - x ns is "T m s Tons 
Direct current .. a m fe F = Tons 56] 68 541 
Converters and transformers, ‘including coils : 
Rotary ee P os "n : xu vx mP vá T Tons 
Static. zu Da - m Me - id Y Tons 
Control and switch gear s Pu x3 n " - a a Tons 
Magnetos, ignition  .. is " zs is - Tons 
Electrical machinery, not elsewhere specified T e T Tm - Tons J 


(a) Included in electrical goods and apparatus, not elsewhere specified. (^) Primary and secondary batteries. 
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APPENDIX II—(Continued). 
(B) Exports oF IMPORTED MERCHANDISE— (Continued). 


Statement showing the Quantity and Value of Foreign and Colonial Electrical Goods and Apparatus and Electrical 
Machinery Re-exported from the United Kingdom during the undermentioned Years. 


1913 1923 1924 1925 
Quantity Value Quantity Value Quantity Value Quantity Value 
£ £ £ £ 
a 9 053 = 1 307 zu 1 286 = 6 151 
= 1 633 = 1 872 os 2 944 = 10 036 
= 16 469 ME 3 979 m 3 859 M 8371 
TE 4 833 = 28 022 = 40 619 
€ (0192. { n 17 346 ES 26 772 = 30 087 
406 981 1 652 296 236 1 805 148 897 1 658 
2 424 526 8 935 178 998 278 267 40 4 
49 20 40 15 23 753 644 
24 562 1114 15 730 614 9 059 523 
593 443 39429 {| 195475 5 434 292 777 7 937 357 084 7 187 
897 3 455 127 907 15 522 90 1478 
ds 2 447 = 496 Ez 596 pum 659 
=s 3 937 = 617 E 194 es 1 334 
(b) Ws 603 i 1 200 = 3 949 
iis 1041 ED 2 721 e 2 164 
1770 -- 515 =m 5 063 
a4 152 a 391 EM 815 
6 516 = 13 372 e 17 782 
= 3 910 et 6 729 e" 4 295 
918 1 861 905 2 007 1279 2 002 
(a) (a) — — — 845 — 2 846 
Me 2 294 P 2 721 = 2 208 
ee 396 = 969 " 524 
€ 339 = 1 264 = 706 
1 297 = 1 753 ee 1 408 
a 2919 
ae 4 781 e 7 831 ( a 2148 
is 53 368 E 38 489 = 43 644 E 61 498 
65 7 213 E 368 10 2 067 
l 695 l 559 2 1 652 
Ll = 13 2 889 n 78 
29 9 943 32 9777 38 7 625 
807 99 573 8 39 797 49 24 347 48 16 251 
56 6 220 9 679 3 1057 
< 86 9 2 821 2 11T 
3 3 194 19 4 296 8 2973 
2 1974 1 3 044 4 4 812 
L 66 40 408 63 38 581 84 30 246 
(a) Included in electrical goods and apparatus, not elsewhere specifed. (b) Primary and secondary batteries. 
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APPENDIX III. 
IMPORTS. 


Statement showing the Quantity and Value of Electrical Goods and Apparatus and of Electrical Machinery Imported 
into the United Kingdom during the undermentioned Years. 


f 1913 
Article desman 
Quantity Value 
Electrical goods and apparatus :— " 
Electric wires and cables, insulated : 
Rubber insulated (not being telegraph or telephone wires or cables) . Nalue — 103 969 
Insulation other than rubber (not being telegraph or telephone wires or cables) Value — 58 519 
Telegraph and telephone wires and cables (not being submarine cables)  .. Value — 283 424 
Submarine telegraph and telephone cables ia ts a T så Value — 7014 
Telegraph and telephone elese valves) = and appereties 
Wireless (excepi wireless valves) s vu se n Value 
Other i i 2 T 5s m - às | ..| Value } = 218 889 
Carbon electric : 
Lighting - - T T zs - T x at fa Number 
Furnace m ad " e $2 T ix m sy he Number >| 58 254 540 146 392 
Other iu và Rx js "S in da Number 
Electric lamps and parts thereof : 
Electric glow ADDS: 
Gas filled . oe site aia a ‘ns np $a i E Number 
Other "m v is "s m sa js Number j 4 525 539 288 362 
Arc lamps and electric searchlights kí " Vs - ss ats Number 520 1517 
Parts thereof (except carbon rods) F sa sia be $5 -. | Value — 122 770 
Batteries : 
Primary : 
For hand flash lamps  .. as E T RS is T T Value — 67 129 
Other T T T - a T af es Value (b) (b) 
Accumulators (including parts) : 
Portable rá i» ay - D os s n Value 
Stationary .. m ste ps Pu Value 
Electric bell apparatus (not telegraphic Or telephonic) "n bs P oe Value 
Electric lighting accessories and fittings (including switches)  .. T os Value 
Electrical instruments (other than telegraphic or telephonic) : 
Commercial (including ammeters, voltmeters, etc.) .. m es X Value 
House service meters : 
Complete .. ps ju vs T vs on £4 T = Number 
Parts sje p s = e vs ds T s3 bs Value (a) (a) 
Scientific  .. - Ea € Value 
Electro-medical apparatus (other than X-ray apparatus). . is " "S Value 
Permanent magnets .. ! T p T Value 
Switchboards, other than telegraph | or r telephone $5 ia "m m "T Value 
Wireless valves e T T - i Value 
X-ray tubes and vacuum tubes š T is jn m Value 
Electrical goods and apparatus, not elsewhere specified ex T i "T Value — 159 658 
Electrical machinery :— 
Generators : : 
Alternating current ET ea e bs ns ʻi pis vs Tons 
Direct current - T T m - a “ia és 25 Tons 
Motors : 
Railway and tramway bó X es - oa ae T S Value 
Other : 
Alternating current DE Ps T T a us T ja Tons 
Direct current  .. "e T s DE. 2 Tons 8 937 1 151 351 
Converters and transformers, ‘including coils : 
Rotary bx P T T" ie is T si T T Tons 
Static.. ; ga i vi "T sce i "T v Tons 
Control and switch gear Y ks T an $5 pa T T Tons 
Magnetos, ignition .. = és - eis am Tons 
Electrical machinery, not elsewhere specified € ii ds T Bu Tons 


(a) Included in electrical goods and apparatus, not elsewhere specified. (b) Primary and secondary batteries. 
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APPENDIX III—(Continued). 
IMPORTS—(Continued). 


Statement showing the Quantity and Value of Electrical Goods and Apparatus and of Electrical Machinery Imported 
into the United Kingdom during the Undermentioned Years. 


(a) Included in electrical goods and apparatus, not elsewhere specified. 


(ò) Primary and secondary batteries. 


1913 1923 1924 1935 
Quantity Value Quantity Value Quantity Value Quantity Value 
£ £ £ £ 
= 378 837 Em 138 903 -- 212 832 z= 220 167 
as 74 849 PR 148 353 HE 942 756 sini 391 190 
= 59 170 RR 85 863 Ba 122 132 = 186 483 
oe 992 814 = 498 966 e 654 279 
= 251758 { = 259 346 —— 372 864 = 181 401 
5 388 397 20 473 6 159 934 24 710 6 636 366 24 658 
64 278 481 163 444 227 665 71 122 216 137 86 812 162 435 61 599 
1 306 610 623 12 147 712 71607 | 28335783 15 319 
168 917 11 176 191 077 9 725 1 850 908 126 129 
3 302 893 196033 (| 11099313 207 100 13 295 648 205509 | 17584954 | 300 102 
1 230 3 798 756 3 529 461 3 272 533 6 106 
= 115 257 = 14 371 = 10 382 S g 919 
89 781 E 55 882 " 110 689 E" 182 506 
= (b) a 73 137 = 207 212 = 398 093 
= 17 336 m: 45 069 - 45 676 
me 15 734 a 14 810 Pk 11585 
s 19 403 is 24 816 BS 31 583 
ae 175 462 _ 246 900 e 271 124 
= 43 018 = 46 621 zx 119 319 
31 457 43 182 40 978 42 583 71184 83 171 
(a) (a) (a) (a) El 60 897 t 50 582 
de 16 575 E 40 314 Z 17 396 
a 3 656 — 14 103 9 908 
w 7971 == 13 449 m 14 718 
= 1 508 = 501 " 1784 
EE 89 616 Eu 105 375 S 133 730 
= icm = ss ae 13 932 
€ 254 367 = 577 962 = 601016 = 711 676 
299 49 422 420 55 735 241 35 621 
289 69 072 141 27 943 8L 22 320 
17 2 848 18 3 735 -—- 18 
681 90 077 568 74 441 550 78 602 
11 627 1 346 000 659 182 244 560 159 450 616 132 735 
126 14 888 460 46 884 142 18 951 
86 17 445 951 43 194 159 31 966 
76 18 793 120 20 671 141 37 831 
21 13 960 30 19 776 19 15 430 
1917 556 892 1 656 611 017 2 352 711 085 
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By LAURENCE J. KETTLE, Member. 


“THE FUTURE OF ELECTRICITY SUPPLY IN IRELAND.” 


(Address delivered at DUBLIN, 19th October, 1926.) 


I have more than once in recent times been charac- 
terized by my friends as a pessimist. The latest thing 
about which I am supposed to be pessimistic is the 
future of our new electricity supply scheme. Not so 
long ago, however, I was regarded as a Utopian because 
I suggested that when Ireland got going we should 
require 2 000 million units of electricity. Switzerland, 
which is smaller than Ireland, and has only three- 
quarters her population, now uses some 3 000 million 
units of electricity. One must admit that Switzerland 
is highly developed industrially and depends very largely 
on electricity, and it will be many a long day before 
Ireland approaches the Swiss stage. Swiss authorities, 
however, reckon that when electricity has fully dis- 
placed imported fuel they will need a total of about 
8000 milion units, without reckoning on any new 
industrial development. 


It is of interest to note that in 1920, when 2 900- 


million units of electricity were being generated, Switzer- 
land was still using 2 215 000 tons of coal for the follow- 
ing purposes : 


Tons 
Railways and steamboats .. 600 000 
Gas-works  .. es ate 325 000 
Industrial power 90 000 
Heating (industrial) .. 650 000 
Domestic purposes 550 000 


It is no doubt more practical politics to work on 
the basis of existing conditions in Ireland and probable 
progress in the next 20 years or so. The present annual 
fuel consumption of Ireland is equivalent to about 
7 600 000 tons of coal. We will assume that electricity 
will not displace the peat already being used, that 
gas-works and railways will not be affected, and that 
electricity will merely substitute one-half of the imported 
coal which is used for industrial and domestic purposes. 
This gives an electricity requirement of about 1000 
million units. This change will not take place in one 
year, nor in 10 years, but if the national distribution 
network be spread over the country, such a transfer 
is not so chimerical as it might appear at first sight. 

The basis of a supply of this magnitude is a national 
transmission and distribution network, and I was 
already sufficiently pessimistic many years ago to 
outline such a network and to enlarge upon the im- 
provement it would make in the working conditions 
of the country. One did not need to be ranked among 
the prophets to look forward to such a commonplace 
development. 

If the population of the country increases, as in time 


it should do, even to the figure at which it stood a 
century ago, there will be a substantial increase in the 
demand for electricity. If the country develop indus- 
trially as it should develop, even to the extent of meeting 
its own home requirements of ordinary necessaries, 
there will be a further substantial increase in electricity 
required. Granted such development, 2000 million 
units is no over-estimate. When it will be reached is 
quite another matter. It goes without saying, that the 
general economic conditions of the country must be 
favourable in order to get this increased population and 
this development. With unfavourable financial or 
labour conditions the country will not progress or 
develop, but we have sufficient belief in ourselves and 
our country to be convinced that we are not going to 
lag irretrievably behind other countries. But, even 
without any very great changes, it can be seen that a 
very considerable outlet can be found for electricity if 
the State is prepared to finance the distribution network. 

After this prologue, which is perhaps somewhat like 
what is called in Parliament a “‘ personal explanation,” 
I will give a brief review of things electrical in Ireland 
as they are and as they perhaps will be. 

In the matter of electricity supply Ireland is practically 
a virgin country, inasmuch as electricity is practically 
non-existent outside a few of the principal towns. 
There are in Ireland 151 electricity works, of which 
104 are in the Free State and 47 in Northern Ireland. 
With the exception of Belfast and Dublin, all these 
works are small, many of them being private works for 
driving mills, giving a small incidental outside supply. 
Only 28 of them work under any statutory authority. 
The total output does not exceed 97 million units per 
annum, this including tramway supplies. 

It will thus be seen that the electricity used per head 
of population in Ireland is only about 23 units, being 
16 units per head in the Free State and 43 units per 
head in Northern Ireland. If we leave out of account 
the two capital cities, the consumption of electricity 
per head of population is only 6 units. 

For the purpose of general comparison it may be 
mentioned that the consumption of electricity per head 
of population is about 2 500 in Norway, 900 in Switzer- 
land, and about 140 in Great Britain. Ireland's elec- 
tricity consumption is easily the lowest in Europe, with 
the possible exception of Portugal. 

This almost complete absence of electricity in Ireland, 
whilst regrettable, is not without obvious advantages. 
In every country the disadvantages of the non-standard- 
ization of electricity supply are nowadays keenly felt, 
and efforts are being made, at a somewhat late hour, 
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to get things standardized. The multiplicity of systems, 
voltages, and frequencies is recognized as a heavy 
handicap on both the electrical manufacturers and the 
electricity suppliers and users. Standardization on the 
manufacturing side means mass production, increased 
output, lower prices, interchangeability, increased use, 
and greater demand. Standardization on the supply 
side means ease of linking up, greater utilization of 
efficient stations, gradual elimination of uneconomic 
stations, cheapening of production, lower charges, 
increased consumption, and development of the industry. 
In the older industrial coal-producing countries such 
as Great Britain, a very chaotic condition of affairs 
has gradually developed in the electricity supply industry. 
The task of evolving order out of this chaos is being 
tackled energetically, but the work will be a Herculean 
one, and the cost will be very great. Even in water- 
power countries—such as Switzerland—the work of 
unification has been found to present difficulties, but 
the situation is less complicated, and the Schweizerischen 
Kraftubertragung A.G. and the Société Anonyme de 
l'Énergie de l'Ouest Suisse have gone a considerable 
way towards evolving a national network. This has 
been achieved by superimposing on the old distribution 
network super-tension main networks which are erected 
and run by the special newer organizations. 

These newer organizations are, only in a sense, distinct 
from the original supply authorities. They are in fact 
merely co-operative combinations composed mainly of 
the municipal and cantonal authorities and companies, 
embodied in company form for ease of working and 
administration. The lines of these Central Boards (as 
they may be called) connect together most of the 
generating stations, so that they can supplement and 
assist one another. The system makes for greater 
flexibility and the more economic utilization of the 
power already exploited. Apparently the new British 
plan is based to an extent on the Swiss system, but the 
process will be by no meaner so simple. 

In Ireland the connecting and standardization process 
will be a simple one, for obvious reasons. The City of 
Dublin system, designed 26 years ago, has now been 
adopted as the world standard. This is a singular 
tribute to the prevision of that singular and outstanding 
figure—Robert Hammond. The City of Belfast origin- 
ally adopted direct current, but when the new works 
were started some years ago, the world standard was 
adopted, and the old works not having been very large, 
the process of converting the distribution system was 
comparatively simple. All the smaller works started 
in the Free State in recent years are also on the three- 
phase, 50-period system. Thus, from the technical 
point of view, there are no difficulties in the way of a 
standardized supply in Ireland. The principal existing 
works will be able to connect immediately to the national 
transmission lines. With the direct-current works there 
will be a difficulty, but as these works are mostly small, 
the cost of the necessary alterations will not be very 
great, and can be met if financial assistance be forth- 
coming from the State. The main difference between 
the countries mentioned and Ireland lies in the fact 
that in the former the national transmission lines are 
for the purpose of connecting works which already exist 


and which have a ready-made distribution network, 
whereas in Ireland they will be for the purpose of 
connecting works which will be called into existence, 
and for feeding a distribution network the greater part 
of which does not yet exist. 


THE FREE STATE POWER SCHEME. 


It is somewhat of a misnomer to term the Shannon 
scheme a “‘ power” scheme. It may more justly be 
regarded as a transmission scheme, comparable to the 
Swiss Central Board arrangement. The Shannon plans 
include a super-tension transmission network at 100 000 
volts, feeding a 35 000-volt network which, in turn, 
feeds a 10 000-volt system. This arrangement is very 
similar to that adopted by the Swedish Government for 
the State supply scheme. The Irish network is to cover 
the entire Free State, and the linking up to a Northern 
network will present no difficulty. The idea of supply- 
ing the entire Free State from one power station has 
been criticized on good grounds, but it may be taken 
for granted that this idea is only the nucleus plan, and 
is not to be accepted as the ultimate arrangement. 
The Shannon works are to be capable of supplying 
in the first stage 48 000-52 500 kW, and in the final 
form 87 000-115 000 kW. The units available will be 
(according to the experts' report) : 


First stage : In a dry year 153 million units, with an 
additional 90 million units in winter and spring. 

In an average year 198 million units, with an 
additional 90 million units in winter and spring. 
Second stage : In a dry year 237 million units, with an 
additional 54 million units in winter and spring. 

In an average year 237 million units, with an 
additional 188 million units in winter and spring. 


This supply will no doubt be quite sufficient for the 
requirements of the Free State for some time. If, 
however, the expected development takes place, the 
Shannon supply will not be sufficient and other available 
water power will be utilized. Fuel-consuming power 
works will, no doubt, also come on the line, at any rate 
as supplementary or supporting stations for the water 
power. In this way the supply system will gradually 
become what is generally regarded as a normal system, 
with not one, but several, power stations feeding the 
line at various points. In this connection it must be 
remembered that Ireland possesses in her peat bogs a 
vast potential power supply which will undoubtedly be 
utilized before many years have passed. A powdered- 
coal station on the Irish anthracite coalfield is also a 
possibility. The national network will then be fed 
from water-power stations, peat-fuel stations, and native 
and imported fuel stations, and in this way a great 
measure of safety and continuity will be ensured. 


THE NORTHERN POWER SCHEME. 


A power, or transmission, scheme has also been 
outlined for Northern Ireland. This includes as the 
basic idea a network fed from several stations, of which 
the principal one will be the Belfast power works. It 
is suggested that this may be supplemented by a coal 
station on the bituminous coalfield at Coalisland, and 
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possibly by a water-power station on the Bann, and 
also by Derry City works. Northern Ireland apparently 
proposes to proceed more gradually than the Free 
State. Agricultural electrification is not regarded as 
very attractive at the moment, and the proposals for 
the near future embrace only the joining up of fair-sized 
industrial centres to Belfast, and the feeding of this 
network from the Belfast works. This arrangement 
will have the disadvantages of any '' one power station " 
scheme until the network is extended and other stations 
come on the line. 


AN ALL-IRELAND POWER SCHEME. 


There is no great difference between the Northern 
and the Southern Ireland power proposals, except that 
the main station in one case is to be a coal-fired station 
and in the other a water-power station. Both retworks 
should be so designed that they can be combined into 
an all-Ireland network at a future date. The necessity 
for a common supply is emphasized by the fact that the 
second largest water power in Ireland—the Erne—-is on 
the border, the falls being in one State and the storage 
lake in the other. Even assuming that political uni- 
fication were never to take place, power unification is an 
obvious step, and elsewhere the international exchange 
of electricity is quite a common arrangement. 


FUTURE POSSIBILITIES. 


It is no easy matter to forecast the probable increase 
in the use of electricity in Ireland, as this will depend 
in great measure on the assistance which will be given 
by the State in the matter of the distribution network. 
Northern Ireland has not yet initiated a State electricity 
scheme, and the plan referred to earlier is merely a 
skeleton proposal. The Free State has provided for 
one hydro-electric generating station and for the high- 
tension transmission lines, but not as yet for the dis- 
tribution network. If the provision of the distribution 
network is to be left to the general public, it can scarcely 
be expected that the increase in consumption of electricity 
will be very great or very sudden. The load which may 
be expected will come from :— 


(a) Possible electro-chemical industries. 

(b) Possible new factories. 

(c) Existing electricity supply undertakings. 

(d) Existing towns and villages which have no supply. 
(e) Existing agricultural demand. 

(f) Electrification of railways and canals. 


It is possible that electro-chemical or even electro- 
metallurgical industries may be started and will require 
large quantities of electricity, although it is doubtful 
whether the supply will be cheap enough for such 
industries. Seasonal or non-continuous supplies will 
probably be cheap enough, but such a supply will 
scarcely suffice for such industries. 

New factories and local industries may supply a 
substantial load in years to come, but the starting of 
factories will depend mainly on general conditions which 
have comparatively little connection with electricity 
supply. 

Railway electrification is a somewhat remote possi- 


bility, and, apart from those classes of potential new 
consumers set out, the existing electricity undertakings 
wil no doubt provide the bulk of the load for some 
years to come. In forecasting the probable increase in 
consumption in the areas which already have an elec- 
tricity supply, it may be taken for granted that a more 
rapid development will occur in the Belfast area 
than in any other Irish district. The Northern capital 
was, until recent years, rather backward in the business 
of public electricity, and there are quite a number of 
private power plants which will inevitably be displaced 
by the public supply, with a consequent large increase 
in the consumption of electricity. Great strides have 
already been made in the desired direction. The 
suggested Northern transmission line will bring a con- 
siderable increase in consumption from the industrial 
centres outside Belfast. The Dublin area, for some 
time at least, will constitute the principal outlet for 
electricity in the Free State, as it at present uses about 
75 per cent of the Free State electricity. It has been 
suggested that Dublin is very backward in the use of 
electricity, but this suggestion is due to those who have 
not studied very closely the prevailing conditions. It 
is quite true that the figure of 100 units per head of 
population appears very modest compared with that of 
a Swiss district like Zurich with 500 units, or even an 
English city like Manchester with 300 units, but any- 
one who knows anything about Zurich, Manchester and 
Dublin, will find explanations for the difference, quite 
apart from the obvious one of lack of energy and enter- 
prise on the part of the Dublin authorities. Dublin is 
not an industrial city, nor is it a residential city. It is 
largely a city of shops, warehouses, offices, and slums, 
which mean short-hour consumers or. non-consumers of 
electricity. The city consumers are scattered over a 
wide area and the number of units per mile of cable is 
small. Consequently the cost of distribution is higher 
than in most cities. Dublin has been fairly well served 
in the matter of electricity supply, and it can be con- 
fidently stated that, in Dublin, electric power from the 
public supply forms a larger percentage of the total 
power used than in most British industrial districts. 
Electric street traction in Dublin has been developed 
in a better and more comprehensive way than in probably 
any city in Europe, and little more can be expected in 
that direction, especially in view of the fact that the 
petrol omnibus is becoming increasingly popular. In- 
dustrial development of any magnitude can scarcely be 
expected in Dublin under existing general conditions ; 
consequently the increase in the consumption of elec- 
tricity must depend largely on the domestic supply. 
It is only within the last few years that the designers 
and manufacturers of domestic appliances have succeeded 
in producing apparatus which enables the suppliers of 
electricity to compete successful with coal and gas. 
The general use of electricity for domestic purposes will 
be an important factor in the future of electricity, not 
only in the cities, but still more in the rural districts. 
It is fairly clear that it is from the national network 
rather than from the few cities that the anticipated large 
increase in the Free State electricity must come. Whilst 
waiting for the arrival of the new industrial load, it will 
be necessary to collect and make the most of the load 


KETTLE: 


IRISH CENTRE: CHAIRMAN’S ADDRESS. 23 


which should be available from existing potential con- 
sumers. There are a large number of towns and villages 
which at present have no electricity supply, and these 
will no doubt be connected up when the new network 
is made available. 

Ireland is an agricultural country, and electrical 
progress in agricultural countries is rather slow if 
things are left to local initiative. Even enthusiasts like 
Mr. Borlase Matthews seem to have made little headway 
with agricultural communities. The recent World 
Power Conference in Basle afforded an opportunity to 
engineers from many countries to observe at first hand 
the progress which had been made in agricultural 
electrification in Switzerland. It appears that there 
some 50 million units are used by the agricultural 
population. As this consumption covers 250 000 house- 
holds and about one million people, the figure per head 
is 50 units. (In Norway the figures given by Dr. 
Schultz for some 391 farms are 450 units per head and 
4300 per farm.) The Irish Free State has an agricul- 
tural population of some 2 millions, and if the new 
network brings in 50 units per head this will represent a 
total of 100 million units, and the output stated to be 
necessary to put the Shannon scheme on its feet will 
have been achieved. Such an arbitrary arithmetical 
calculation may prove misleading, as there are no doubt 
large numbers of the Irish agricultural population whom 
electricity will not reach for a long time to come. In 
Switzerland coal is very expensive and wood is the 
principal country fuel, whereas in parts of Ireland coal 
is not very dear in normal times, and in other parts 
peat can be had for the labour of getting it. On the 
other hand, there are very many purposes for which the 
Swiss agriculturist does not yet use electricity. It is 
interesting to note the use which is made of the 50 
million units. 


Million units 
Lighting accounts for .. v soc 19 
Motors take *e “a E" .. 14 
Cooking takes Lz i bx .. 8 
Heating takes 2 is T > 6 
Electric irons take ag si eS b 


Only one household in 6 has an electric motor, one in 
2} has an electric iron, one in 60 an electric cooker, 
and one in 40 an electric heater. This obviously gives 
scope for further electrification. 


The promoters of the Free State supply scheme seem 


to have anticipated that the new undertaking would 
prove a commercial success practically from the com- 
mencement, but this is rather too optimistic a view of 
the prospects. The generation costs of electricity con- 
stitute only a small proportion of the total cost of 
supplying it to the consumer. The distribution cost is 
the governing factor, and the provision of the distribu- 
tion network will prove to be the crux. It is here that 
the State can intervene most beneficially. Having put 
its hand to the plough it cannot turn back, and it must 
see that the electricity is brought to the consumer. 

If the State had not intervened, the probable course 
of events would have been that the existing electricity 
concerns would have extended their distribution systems 
and enlarged their works only when there was in im- 
mediate prospect a demand sufficient to pay the capital 


and running charges on the new works. Dublin would 
have utilized the Liffey water power, would probably 
have formed a District Board, and would have extended 
a network into the country. This would probably have 
been a more attractive proposition for Dublin than the 
Shannon, but it naturally could not have supplied an 
all-Ireland network. The Liffey would not have been 
a rival of the Shannon, but merely a commercially 
successful example for the subsequent schemes, including 
the Shannon. New electricity works would have been 
started by local enterprise in other places to meet the 
immediate demand. Water power would have been 
utilized on a more modest scale than that now proposed. 
All the new local supplies could have been standardized 
in preparation for the ultimate linking up. When 
conditions became favourable the various networks 
would have been gradually connected together to form 
finally a national network. All this development would 
have paid its way and would have been on the ordinary 
commercial basis. Now electricity supply has been 
removed from the ordinary commercial sphere and trans- 
ferred to the politico-national sphere, and being freed 
from the smaller dividend-paying restraint should be 
speeded up very materially. The State has anticipated 
the ordinary course of events by perhaps a dozen years, 
and consequently it must also anticipate events by pro- 
viding the distribution network in districts in which the 
financial results would not seem to justify private 
enterprise. This is all the more necessary from the fact 
that the State scheme has been floated more with a 
view to benefiting the country than the cities. If the 
cities are left no worse off than they would have been 
if left to themselves, they will have no grievance. 

Whether the State will engage in the business of 
electricity retailers, or whether it will elect to work 
through local organizations, is not yet known. The 
area already served by existing undertakings, statutory 
or non-statutory, can be dealt with easily enough. 
Most of these undertakings have only modest financial 
resources, and if they are to be asked to provide new 
or additional distribution networks or new machinery, 
most of them will need financial support. This will be 
more especially the case if they are to be asked to supply 
more extensive and thinly populated areas. In districts 
where there is no electricity the State may act direct, 
or may assist in forming local organizations to take 
charge of the distribution. In either case money will be 
needed, as most of the distribution networks will not be 
able to pay the capital and other charges for quite a 
time. This is the invariable experience in the distribu- 
tion of electricity in thinly populated areas. 


STATE OWNERSHIP. 


State ownership and State control of power is no new 
idea, and several countries have already experimented in 
this direction to a greater or less degree, but the Irish 
Free State has embarked on what will be one of the 
boldest and most comprehensive enterprises of this 
character. The particular form and manner in which 
the Free State launched this venture has been subjected 
to considerable criticism, both in Ireland and elsewhere, 
but now that the country has been definitely committed 
to the national scheme the fullest co-operation must be 
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forthcoming from every Irish source for the purpose of 
making it a success. If there is any business in which 
nationalization is justified it is certainly that of elec- 
tricity supply. Electricity supply is not properly an 
industry, in the generally accepted interpretation of the 


word. Itis far more; it is the life blood of every industry, - 


and cheap and abundant power will assist every national 
activity. Apart from the question of industrial power, 
light and heat are a necessary of life for every individual 
citizen, and electricity is the ideal medium for giving him 
light and heat in the cleanest, healthiest, and most 
convenient way. Nationalization is only an extended 
form of municipalization, or as those who do not favour 
it would say, an “aggravated " form. The battie of 
municipal versus company administration has already 
been fought out in the sphere of electricity supply, and 
no unbiased critic can say that the municipalities have 
not more than held their own in point of efficiency. If 
a State scheme be as well run as the municipal schemes, 
there is no reason why it should not prove a success. 
Subsidies will no doubt be neces. ary, but such things as 
State subsidies are not unknown, as witness the recent 
British subsidy to the coal industry. 


NATIONAL SAFETY. 


The utilization of Irish water power will undoubtedly 
be a national gain, inasmuch as it will render the country 
to some extent independent of imported fuel. That this 
is no small point is quite apparent from the present 
state of the coal industry in Great Britain, who is 
Ireland’s coal supplier. At present, any interruption of 
work at the British mines, on the British railways, at the 

British ports, or in sea transport, effectively cuts off the 
Irish coal supply, and might very well kill Irish industrial 
enterprises. It must be remembered that the stoppages 
instanced are something quite outside Irish control, and 
Ireland is penalized not only by her own local troubles, 
but also by the troubles of others. But under normal 
conditions, Irish water power and Irish peat power must 
be able to compete financially with power from imported 
fuel. The working system which will be evolved will 
doubtless aim at combining power supplies from all 
sources, So that in the event of trouble of any kind 
causing a stoppage on any one supply, the others will 
suffice at least for the carrying on of essential services. 


NEW SHANNON POWER BILL. 


A second Shannon Power Bill is expected in the near 
future, and in this Bill the detailed State power project 
will no doubt be set out. The Bill will in all probability 
deal not only with the Shannon project, but also with 
the supply and control of the entire electric power 
supply of the Free State. It is anticipated that the 
new Free State power supply will be available in about 
three years’ time, but meantime much work will be 
done with a view to encouraging the extended use of 
electricity and providing an outlet for the new power. 
In this campaign the existing suppliers and the State 
will no doubt co-operate. 


ECONOMICS OF THE NEW POWER SUPPLY. 


It is evident, from what I have already said, that no 
attempt can be made here to deal with the economics 


and the commercial results of the new power scheme 
as a self-contained unit. This will be quite impossible 
until more is known as to the character and extent of 
the distribution proposals. The State scheme may not 
for a long time prove to be a commercial success, in 
terms of hard cash, but that will not necessarily mean 
that the scheme will not be a very real success. The re- 
sponsible minister has, and very rightly so, laid emphasis 
on the general effect which the provision of an easily 
available gencral supply of electricity will of necessity 
produce on the country. Electricity has a civilizing 
effect and a stimulating effect, and it should help to 
infuse a new spirit into the country. Incidentally, it 
will bring much nearer to realization dreams which I 
ventured to set down on paper years ago—the vision of 
the reincarnation of the Ireland of a century ago, when 
the population was twice what it is at present, when 
every parish was self-supporting and produced all its 
own necessaries of life, and there was a very much higher 
general level of individual well-being and contentment. 
The centralization of manufactures in large factories, and 
the centralization of the factories themselves into large 
cities, were brought about by coal and by steam-driven 
machinery, and the process is now generally recog- 
nized as having had disastrous effects. The decentral- 
ization of industry will be achieved by electricity. 
Any location is suitable for a modern factory if a 
supply of electricity and means of transport for goods 
be available. 

Our new factories, when they come, will not be in the 
cities but in the country, and the industrial workers will 
be enabled to lead a healthy, natural and contented 
existence. There will no longer be the unhealthy 
divorce between agriculture and industry. The cities 
will not draw the population away from the country. 
Every industrial worker will be to some extent an agri- 
culturalist, and will have some visible and tangible share 
in his native country. Electricity will do more; it will 
assist the small industry the products of which will be 
for local consumption, and it will bring back in a modern- 
ized form the old village industry. The modern system 
under which the transport, distribution and sale costs of 
most of the necessaries of life amount to many times the 
actual cost of production has reached an absurd and 
impossible climax. There is no clear reason why the 
Irish peasant should pay the cost of the elaborate 
transport and handling systems which bring his food and 
clothing from the four corners of the earth. He can 
produce better food and clothes himself at a fraction of 
the cost. He has been drawn into the whirl of a system 
which is rapidly making life impossible. The present 
long and costly line of communication between the 
producer and the consumer, often extending half way 
round the world, must be materia!ly shortened, and the 
army of parasites and profiteers who exact toll at every 
stage of the journey must be eliminated. The elec- 
trically-driven village industry will achieve this. Elec- 
tricity will prove to be the most powerful aid in solving 
the slum problem, the congestion problem, the food 
problem, the poverty problem, the strike problem, and 
all the industriál, social and economic problems which 
so perplex and disturb the present generation and take 
so much from the beauty and the joy or life. 
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By Colonel J. F. LisrER, C.M.G., Member. 


(Address delivered at BIRMINGHAM, 20th October, 1926.) 


For some few years now we can, I think, look back 
and feel that the work of this Centre has not been 
retrograde; but the success, or otherwise, of a Centre 
depends chiefly on the interest taken in its proceedings 
by the members themselves, by regular attendance at 
its meetings and by taking part in the discussions upon 
papers read. I should like to feel that, during my year 
of office, we could do something to keep more closely 
in touch with the East Midland Sub-Centre. It will be 
appreciated by all concerned that the chief difficulty in 
the way of this object is one of transport, but I would 
suggest that when some paper of particular interest is 
being read here, an effort might be made to get an 
attendance of some of their members. On the other 
hand, we might reciprocate by visiting them and taking 
part in their discussions on papers read. 

The honour of being elected Chairman of a Local 
Centre carries with it cartain obligations, the first being 
to study the interests of its members, and with the 
Papers Sub-Committee to select a series of papers of 
interest which will provide interesting discussions. 
Also one must not forget that in this Local Centre 
there are a considerable number of Students. I attach 
the greatest importance to looking after their interests, 
as we depend upon tbe younger generation to fill the 
vacancies that occur in different branches of the industry, 
and in course of time to carry on the work which we 
are doing at present in our respective spheres. 

Last, but by no means least, is the custom of giving 
on our opening night an address. The choice of a 
subject, as will be appreciated by those who have been 
elected Chairman of a Local Centre, is a difficult one 
to many of us. Some of the members may possibly 
not agree with me, but to those engaged in commerce 
with its day-to-day anxieties and responsibilities the 
task is not so easy. In thinking of what I would take 
as my subject this evening, it has occurred to me that 
in a few words upon economics we should consider 
matters regarding the natural resources of this country, 
and also labour problems. The best brains of this 
country to-day are endeavouring to solve the question 
of unemployment. 
the export trade, which declined in 1924 to three- 
quarters of its pre-war volume. The chief cause of 
this is the high prices we require for our goods as 
compared with prices ruling in 1913, the result being 
that overseas buyers are diverting their attention from 
British to other markets. We must remember that the 
conditions of living in this country are of no interest 
whatever to foreign buyers, or to home buyers for that 
matter. How many people buying an article in any of 
our great stores stop to think of the conditions under 
which it was made ? 


The bulk of it is to be found in. 


This export trade is essential to us, because this 
country is unique as compared with almost every 
other country in the world, and we depend upon our 
exports to pay for certain raw materials and food, of 
which latter we can only produce enough for 2] days 
in the week, as about a quarter of our land is unpro- 
ductive. Compare this with France, four times the 
size of this country, which has only one-tenth unculti- 
vated. That country, except in times of bad harvests, 
is almost self supporting. We are not, and therefore 
we must do all we can to retain and increase our export 
trade. 

Another factor is that our Dominions are becoming 
more and more independent of us for certain goods. 
Necessity being the mother of invention, they learnt 
during the war how to make or substitute other goods 
for those previously obtained from this country, and 
this policy will doubtless continue. These various 
points I have mentioned all tend to a decreasing demand 
for our manufactures, with consequent more unemploy- 
ment. Now let us consider what steps we can take to 
reduce the cost of our goods. 

Before dealing with the individual workman, or 
what we may accomplish by cheaper power (a large 
factor), I should like to mention the enormous burdens 
we have to bear for central and local government 
affairs. It seems to me that however desirable these 
different schemes may be, we have reached a point 
beyond which we cannot go. We ought not to call on 
our workpeople for greater and still greater effort 
unless we are sure that the monetary gain to the country 
thereby is not wasted on extravagant schemes. 

Now, are we making the best possible use of the 
resources of this country ? We must remember that 
we have hardly any water power, whereas America, 
Italy, Switzerland, Sweden, etc., have a plentiful 
supply. That the importance of this in a country's 
progress is fully recognized may be gathered from the 
remarks made by Signor Mussolini when addressing 
the International Congress at Rome recently. He said, 
after alluding to Italy's hydro-electric forces, '' electrical 
energy is a fundamental element of Italy's possibilities." 

There have recently been discussions on the practi- 
cability of making use of such tidal rivers as the Severn 
for the generation of electricity, but the initial outlay, 
at all events for the present, puts the scheme out of 
the realm of commercial possibilities. 1t will be obvious 
to anyone, although not conversant with the financial 
aspects of such a scheme, that if the interest on the 
outlay of capital for machinery to generate current 
amounts to more than the interest on capital required 
for steam generation, plus the cost of coal, such a 
scheme could not be proceeded with. There 1s also a 
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question of interference with navigation owing to the 
possible shifting of the navigable channel of the river 
bed. 

Now as to fuel; as millions ot tons are consumed 
each year in electric power stations, it is desirable to 
use only that quality and size of fuel which is best 
suited for that purpose. Until pulverized fuel is 
universally adopted it should be possible to purchase 
consistent qualities from British collieries. It is well 
known that much coal has been made marketable by 
foreign colliery owners by a scientific system of washing, 
grading and classification, so that buyers know in 
advance that the quality is consistent and that it is 
‘uniform in size and altogether similar to that specified. 
Possibly owing to the fact that they have no difficulty 
in finding purchasers, there does not appear to be a 
great desire on the part of British colliery owners to 
sell fuel on analysis, i.e. on a calorific basis, and be 
paid on a sliding scale accordingly. The advantages of 
washed fuel with the lowest possible ash content are 
now generally recognized, and all modern collieries 
are installing washing plants, as the transport of ashes 
and clinkers is a very expensive problem for large 
consumers. Let us hope that the good policies and 
methods adopted by foreigners will not be ignored by 
progressive collieries in this country. When low- 
temperature distillation processes are a commercial 
success, it will doubtless be found possible to pulverize 
coke and use it in many cases where coal is now con- 
sumed for industrial and domestic use. This will 
result in valuable by-products being produced and in 
electricity and gas undertakings being more closely 
linked up, and lead eventually to a great saving in 
our irreplaceable natural asset—coal. 

Much has been said regarding the Electricity Bill, 
and although it has been framed with a big outlook, it 
cannot be said to meet with universal approval. The 
price which a consumer pays for electrical energy will 
depend on capital charges. It is significant that in 
America, where hydro-electric stations supply a fairly 
large demand, the principal costs of generation are 
standing or overhead charges, and the average price 
to consumers exceeds the average price per unit in this 
country. 

Engineers are well aware that the advantages of 
centralization of power production are much greater in 
a country where coal is dear, than in our country where 
it is relatively cheap. Undoubtedly electrification of 
British railways will be adopted when the economic 
situation is improved, as economy will be effected by the 
adoption of lighter rolling stock, and the thermal effi- 
efficiency from coal consumed to the drawbar of the 
electric locomotive will be increased by from 5 to 6 per 
cent as compared with that of the existing coal-fired 
locomotives. Railway demand will stimulate the use of 
electricity in districts now devoid of a supply, for 
transmission and distribution lines will embrace their 
areas. 

High load factors and power factors will be attained 
now that direct current is in favour. Assuming that 
the power factor may be raised from 0-7 to a reason- 
able figure of 0-9, this would produce 30 per cent 
greater revenue-earning capacity on any existing 
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generating plant and cables, etc., and where alternating 
current is converted to direct current the power factor 
may easily be improved. 

The various tariffs now existing appear to be settling 
down to a two-part tariff—the one covering a fixed 
charge per kWh or kV A-hour, and the other a low one 
approaching the cost of fuel for generation. This 
system avoids the use of many meters and enables 
the consumer to take, from a single service, energy for 
light, heat and power, without complications, 

Many years may pass, and many thousands of pounds, 
possibly millions, may be spent before we arrive at the 
most efficient methods of getting the very utmost from 
this great mineral wealth of coal which lies at our doors, 
but as time passes I feel sure that we or our descendants 
will look back and consider this to be a wasteful age. 

Apart from coal, this country is rich in other minerals, 
and it may not be inappropriate to mention briefly 
the way in which electricity has helped and is helping 
to trace out ores. Many thousands of pounds have 
been sunk in endeavouring to trace out seams or veins. 
By electrical and electromagnetic prospecting, ores 
that do not manifest themselves at the surface may be 
located. Conditions favourable to success with the 
methods are: Favourable geological conditions, such a 
proportion of minerals of good electrical conductivity 
in the ore as will render the latter materially a better 
conductor than the enclosing rock, situation of the ore 
within the range of influence of the electrical currents 
used, and, in proportion to this range, a sufficient area 
of horizontal cross-section of the ore body. The result 
is that drill holes may be accurately sunk, and the 
expense of drilling barren ground thereby saved. The 
methods of electrical prospecting may be divided into 
two principal groups, “ potential” and :“ electro- 
magnetic." The potential methods, which are the 
older, are based on the investigation of the potential in 
an electrical field by tracing equipotential curves and 
measuring the difference in potential between different 
points. The electromagnetic methods are of more 
recent origin. By them, the direction and intensity of 
an electromagnetic field are investigated. I would 
refer those who may be interested in the subject to a 
paper read by Hans Lundberg, M.E., of New York, in 
February of this year. 

There are some people who think that cheap electricity 
will be the salvation of this country, and that the sub- 
stitution of State for private or municipal enterprise is 
going to save our industries, but I am not one of them. 
To my mind, what is more important than anything 
else is some means of settling the endless labour dis- 
putes which have taken place during the past few years, 
or, better still, preventing their occurrence. When we 
realize that some 500 disputes were settled in 1925, 
and think for a moment of the millions of pounds lost 
in the present coal dispute, it cannot be denied that 
these troubles are paralysing industry. It is impossible 
to calculate the direct and indirect losses due to this 
industrial unrest. Foreign buyers, owing to the uncer- 
tainty of the execution of any contracts tbey might 
wish to place, find other sources of supply, and possibly 
do not again give us the opportunity of tendering for 
further requirements. Personally, I think that the 
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settlement of these disputes is better dealt with by the 
parties concerned. 

“Divine discontent " is ever present in the human 
heart, and hes at the root of our industrial problems 
tu-day. It is the force that is always urging us to 
strive for improved conditions, social amelioration, and 
a greater share of the good things of this earth. Human 
wants, far from being fixed, grow with the means ot 
satisfying them. It is because human wants are not 
fixed and stereotyped that civilization has advanced, 
but it is when our wants are greater than the means of 
satisfving them that we suffer industrial sickness and 
come up against the factors of economics. 

It might be interesting for a moment to consider 
how organized bodies of labour have arisen. If we 
look backwards across the ages, we see that man in 
his struggle for existence passed from hunting to 
pastoral pursuits, from pastoral pursuits to cultivation, 
and from cultivation to manufacture and thence to 
commerce. Communities organized themselves into 
some form of government for protection against the 
attacks of others. Since that very remote period the 
same thing has been going on, and these vast organiza- 
tions representing capital and labour have been gradu- 
ally built up. As our people left the land in the 
anticipation of improving their condition of living, by 
obtaining higher wages in industry, they gradually 
lot their knowledge of agriculture and their labour 
became subject to the economic law of supply and 
demand, the employer being able to force his employees 
to work for the lowest wages under any conditions, and 
the workers at the same time had always before them 
the fear of dismissal and the possibility of starvation. 
Since 1880, Factory Acts have been passed improving 
the conditions of working, and organizations have been 
formed bv the workers in many industries for the 
purpose of obtaining a minimum wage. Originally 
they were formed with the idea of preventing men who 
were not capable of certain tasks, or, in other words, 
men who were not properly trained, trom joining such 
associations and thus lowering the status of the indivi- 
dua) workman who had served a period of apprenticeship 
in his particular trade. Up to, say, 30 to 50 years ago 
a workman belonging to such an association or union 
was recognized as having reached a definite standard of 
skill, and was accepted by an employer as being eligible 
to obtain a definite minimum rate of wages. With 
the progress of time this has been gradually changing. 
There are two main reasons for this, one being the 
design of special tools and apparatus for the production 
of our goods, rendering unnecessary the former long 
penod of training, when so much depended upon the 
individual skill of the workman. The other reason is 
that these various organizations have become a great 
political power in the country, and every effort is made 
to enrol men in one organization or another, irrespective 
of skil or ability, the result of this frequently being 
that a limit is placed on the amount of work a good 
workman is capable of producing. 

The chief cause of unrest to-day is undoubtedly 
unemployment, and it is difficult to imagine anything 
more pathetic than to see our workpeople lining up 
to receive the dole. It is most harmful to the moral 


of our workers, this herding together of men anxious to 
work, with—it cannot be denied—others who through 
the conditions under which they live and circumstances 
over which they have no control, have lost the desire 
to work, and are satisfied to eke out an existence on 
the amount given them by the State, to which workers 
subscribe a comparatively small amount. It is natural 
that the minds of these workless thousands become 
receptive to those insidious teachings against law and 
order which are far too prevalent to-day. When 
employment is found for a worker, it is only natural 
that, after months of hardship and privation, he is 
embittered and liable to look with suspicion upon any 
scheme which may improve his position, and in time 
give him some definite interest in the firm with which 
he is employed. 

Much has been written on the subjects of profit- 
sharing and labour co-partnership in industry. Good 
as these schemes may be, they are not a solution of the 
problem of industrial unrest. In the year 1920, figures 
prepared by the Ministry of Labour (Intelligence and 
Statistics Department) showed that up to 10 months of 
the year 1919, 380 such schemes had been started, and 
in the same period 182, or 47-9 per cent, had ceased 
to exist. Profit-sharing sounds very attractive, but, 
when there are no profits to share, the inducement to 
the workman ceases to exist. A year is too long for a 
man to wait to see the result of his extra effort. He 
is not sure that he will have continuous employment 
for 12 months. Another very important factor is that 
many things outside his control may affect profits, 
and any extra effort he may put into his work is thereby 
nullified so far as he is concerned. I think that profit- 
sharing schemes, if treated seriously by workpeople, 
undoubtedly tend to unite all departments, prevent 
friction, and produce economies all round, but they 
will never replace payment by result of individual 
effort, in the form of bonus schemes, etc. 

The capital of a workman is his health, and many of 
his fears are due to the thought of what will happen 
should he fall ill. He also generally, although quite 
misguidedly, imagines that if he works '' all out " and 
produces more, and, therefore, earns more money, his 
rate of wages may be cut down. I do not pretend that 
this has never occurred, but no enlightened employer 
would do this to-day. Once a price is fixed it should 
not be altered except by agreement. 

If we can so organize our industries that our workers 
can earn good wages, and also benefit by profit-sharing 
schemes, they will then be able to invest their savings 
in industry itself. This, I think, would do more than 
all the discussions to settle the apparently endless 
disputes: between capital and labour. 

No opportunity should be lost to teach our work- 
people to think for themselves. To bring about a 
better condition of living they must realize that the 
remedy is partly in their own hands. In the present 
disastrous coal strike which has already cost the country 
£200 millions to £300 millions in direct loss, do they not 
realize that all are seriously affected ? It is not the 
weekly wage of a man that should be considered, but 
rather how much work is done for that wage. It is 
an axiom that the price of a commodity determines the 
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extent of its use, and when an economical price is 
reached or exceeded, other commodities, or different 
methods, are adopted. We must not throw the entire 
burden of greater production on the workman; he 
must be assisted by all modern labour-saving appli- 
ances, modern machinery and a confidence that what- 
ever he is working on is the best of its kind, and in 
no way behind our foreign rivals in design. A better 
spirit is the first essential to better industry. The 
cultivation of personal relations between management 
and men should be encouraged. The frank discussion 
of any grievances, the furtherance of any educational 
schemes for the training of workers, an explanation of 
the employers’ difficulties in obtaining business—all 
these points are well worth discussing with employees 
in as simple language as possible. If this is done it 
will create a better spirit between employers and 
employees. The idea that whatever amount of work a 
man does is only worth a fixed rate of wage per week 
is wrong. Provided a reasonable return on capital is 
earned after due provision for depreciations, etc., there 
should be only an economical limit as to what a 
man should earn, and this limit is reached when the 
selling price of the article becomes so high that 
it cannot be sold, or something different takes its 
place. 

I venture to suggest that trade-union leaders could 
do no better service than to investigate closely the 
methods of production in other countries, which might 
be adopted here to enable our workpeople to produce 
more and at the same time earn higher wages. Some 
leaders of labour are too obsessed by outworn theories 
of class conflict. They seem to regard labour as a 
class against whom the hand of everyone is turned. The 
teaching of many labour leaders to-day results in the 
workman not thinking for himself, and his individuality 
seems to get buried under mass psychology. 

The present conditions in the British engineering 
trade demand an immediate and drastic remedy. The 
Amalgamated Engineering Union alone has over 17 000 
skilled men registered as unemployed, and other 
branches of the industry are in more or less similar 
condition. It is not to be wondered at that many 
of our skilled workers are seeking their fortunes 
abroad. 

Production is the only means of acquiring wealth and 
well-being. Production necessitates labour—the more 
work the more wealth. It is true of the individual who 
is producing for himself, it is true of the factory employ- 
ing many hands, it is true of the nation with its vast 
and complex mechanism. The more wealth we produce, 


the better will be our conditions of living. Money is 
not wealth, it is simply a medium of exchange. 

The employer at present is afraid to produce the 
maximum quantities, possibly because he is afraid he 
will not be able to dispose of his production at a profit. 
The employed are aíraid to produce the maximum 
quantities of which they are capable, because they are 
afraid that by so doing they will take work away from 
others, or that they will produce what is required too 
quickly and be faced with unemployment, for the same 
reason they are averse to the full employment of labour- 
saving devices. 

Tariffs against us in foreign markets are a serious 
handicap to exports, as also are fluctuating exchanges 
and depreciated currencies. With increased production, 
costs automatically come down and it becomes easier 
for us to sell our goods abroad. Instead of excessive 
social reform, the Government might well do more to 
assist in fostering markets to take every class of goods 
made in this country. 

Some employers are perhaps equally responsible with 
their workmen for the present position. Years ago, 
when we were not so hampered by labour troubles or 
foreign competition, there was too much self-interest, 
and no broad view was taken as to what might happen 
in the future. Many works and factories carried on 
with the most out-of-date machinery, thinking that 
what was good enough for their fathers was good 
enough for them. The result has been that many 
industries have closed down, or have shifted to other 
areas, if not out of the country altogether. The fact 
that this is being realized to-day is borne out by the 
attempts that have been made to bring in co-operative 
schemes of working, profit-sharing schemes, etc., and 
also to improve the lot of the workers. We want 
with us that same spirit of unity which was prevalent 
during the war, when all the men of this country, and 
women too, were united by a common bond with one 
aim—to achieve success. If we can inculcate in our 
workers that same faith in leadership which they had 
in the war, there is little doubt that this country will 
soon become prosperous. 

Our own particular industry, that of electrical engi- 
neering in all its branches, has a greater future before it 
than any other. The saturation point for the use of 
electricity in every known field of health, industry and 
science, is a vast distance away. The difficulties from 
which we are suffering at present will, with better 
understanding, pass away, and if we all work and pull 
together this country should become one of the principal 
workshops of the world. 
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MERSEY AND NORTH WALES (LIVERPOOL) CENTRE: 
CHAIRMAN’S ADDRESS 


By P. J. RoBiNSON, Member. 


"SOME PROBLEMS THAT HAVE ARISEN 


IN THE ELECTRIC SUPPLY 


FOR THE CITY OF LIVERPOOL.” 


(Address delivered at LIVERPOOL, 25th October, 1926.) 


I have decided to take for my subject the work on 
which I am principally engaged, i.e. the electric supply 
of this city, and to give a detailed outline of the 
extensions that have recently taken place at our main 
power station, and the reasons for carrying them out 
on the existing site. 


PRELIMINARY CONSIDERATIONS. 


As you are no doubt aware, during recent years the 
increase in the supply from the Liverpool stations has 
been abnormal. This has been due partly to the steady 
increase in Our own districts, and partly to the fact that 
we have absorbed the electrical supply of some of the 
neighbouring authorities, namely Bootle Corporation 
and the Waterloo District Electric Supply Co., and 
partly also to a bulk supply which we are giving to 
Prescot and district—the output increasing from 
86 333 510 kWh in 1920 to 172 044 686 kWh in 1925, 
and the maximum peak load rising from 38 317 kW to 
713614 kW in the same period. It therefore became 
necessary in 1922 to consider the further extensions of 
our generating plant, as the building, equipping and 
putting into commission of large stations occupies a 
considerable period even after all the designs and 
specifications have been drawn up. 

Many propositions were considered, and the following 
were the three main alternatives :— 


(1 The erection of a new station adjacent to a 
colliery. 

(2) Extension on the site of the existing station. 

(3) The erection of a new station on a riverside site. 


Briefly comparing these three schemes in detail, let 
us consider first the proposal for erecting a station 
adjacent to a colliery. This would necessitate a cooling- 
tower station, which, so far as the steam consumption 
was concerned, would be at the best only equal in 
efficiency to the extension of the existing station, and 
less efficient than a station on a riverside site. 

Against the colliery site proposal it was also necessary 
to consider the following additional charges of :— 


(i) A complete new generating staff. 
(ii) The cost of h.t. transmission, together with the 
consequent transmission losses. 


These additional costs were estimated and found to 
exceed considerably the probable saving of ls. 3d. per 


ton in the cost of coal, which saving was in itself subject 
to our relying solely upon one colliery. After careful 
consideration it was decided to rule out the colliery 
site proposition, and to concentrate upon the choice 
between the proposals for the extension of the existing 
cooling-tower station, and the erection of a new station 
at the riverside. 

It would, on first consideration, appear absurd to put 
down a cooling-tower station in a city like Liverpool, 
which possesses such a river as the Mersey, with an 
unlimited supply of cold water for condensing purposes, 
but it was found that the cost of land at the only site 
suitable and available for a riverside station was ex- 
tremely high, and in addition there was another serious 
aspect to consider, namely the difficulties of utilizing 
the river water for condensing purposes. The high-tide 
and the extreme low-tide levels in the Mersey differ by 
approximately 33 ft., and the estimated cost of civil 
engineering work proved to be very great, as either the 
station would have to stand right out in the river, or 
alternatively two culverts 9 ft. diameter, and each 
some 600 ft. long, would have to be driven under the 
river bed to open at a point below the lowest tide level. 
In either case an expenditure of nearly £400 000 would 
certainly be entailed for the site and civil engineering 
work before the actual station buildings were com- 
menced, and this figure should be treated as a minimum, 
in view of the possibility of unforeseen difficulties 
arising. 

Experience of other rjverside stations has shown that 
the loss of vacuum consequent upon the fouling of 
condenser tubes with silt and other debris is such that, 
on an average, the increased efficiency due to colder 
circulating water, referred to previously, may be reduced 
to about 8 per cent or possibly lower. In addition, 
the problem of condenser-tube corrosion causes much 
more expense in the case of riverside stations, and it 
was found from tests that the amount of sand in sus- 
pension in the river Mersey water for a period of 4 or 
5 hours every day is as much as 15 per cent of the total 
weight, an amount which, in my opinion, would cause 
considerable erosion of the tubes and ferrules. "Whilst 
the fouling of the tubes can be considerably reduced 
by the adoption of settling chambers, the first cost of 
these must be offset against the saving obtained and is 
not included in the figure already given for civil engi- 
neering work. 

In order to assess the comparative values of the three 
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alternative propositions, a calculation was made on the 
following lines :— 

A uniform increase in load of 4 000 kW per annum 
was assumed, and for the total load each year for the 
next 25 years an estimate was made of the cost of 
plant required at each of the three alternative stations 
to meet this demand. The annual capital charges for 
each year were made out. Five periods were taken, 
the costs of generation for each period under each of 
the alternatives were assessed, and the total cost 
during the whole of each of the periods was compared, 
namely, the first 5 years, the first 10, the first 15, 
the first 20, and the complete period of 25 years. 

On this basis it was found that at the end of the 
period of 15 years the total capital expenditure on the 
site at Lister Drive was £1 291 000, with an average 
annual capital charge of £110 600 over the period, as 
against a capital expenditure of a riverside site of 
£1 649 000 with an average annual charge of £130 800, 
giving a capital charge per unit on a 30 per cent load 
factor of 0- 168d. at Lister Drive, compared with 0- 199d. 
at the riverside site, and with 40 per cent load factor 
0-126d. and 0-149d. respectively. 

Taking a 30 per cent load factor, which is a fair average, 
the average generating and capital costs over the period 
of 15 years for the additional load carried by the new 
station worked out at 0:690d. for the riverside station, 
against 0-67d. for Lister Drive, the higher cost of the 
riverside station being due to the increase in coal freight- 
age, wages, station capital charges, transmission capital 
charges and transmission losses, but against this the 
coal consumption should be lower by some 8 per cent at 
the river site, as compared with the Lister Drive site. 
The total excess in the first 15 years was thus £441 900, 
or an average of £29 460 a year more at the riverside 
site than at the Lister Drive site. It was in view of 
these figures that the decision was arrived at to extend 
on our existing site, as this had sufficient space for a 
further effective 100 000 kW placed in an excellent 
electrical centre as far as Liverpool and the surrounding 
areas are concerned, and a large proportion of the 
present superintending staff was available. 


GENERAL DESCRIPTION OF PLANT. 


The station was laid out for 5 units each of 25 000 kW 
rating, the engine room being so designed that, if it 
were found necessary at some future date, units in sizes 
up to 40 000 kW could be installed. The turbine house 
at present is 170 ft. long by 90 ft. wide, and the lay-out 
of the station embodies many new features. The 
generating sets are placed across the engine room with 
the turbine adjacent to the boiler house, and the alter- 
nator adjacent to the switch house. With this arrange- 
ment a minimum amount of steam piping, and also a 
minimum amount of copper, is required for connection 
to the boilers and switchgear respectively. To avoid 
the use of cables for the alternator connections, which 
would have necessitated several in parallel per phase to 
deal with the large current, and which would introduce 
a certain amount of risk, it was decided in designing the 
switchgear to place the alternator circuit-breakers on 
the same centre line as the alternator, and to treat the 
connection as a busbar of bare copper between the 


alternator connectors and the incoming isolating switches. 
This has proved eminently satisfactory. The chamber 
through which the bars pass to the switch house forms 
part of the enclosed ventilating system of the alternator. 
The engine room is one of the first to have no floor. 
This arrangement enables the overhaul of auxiliary 
plant with a minimum of trouble, and at the same time 
provides ample space for the storage in the condenser 
basement of parts when the turbine plant is being over- 
hauled. A loading bay has been provided at the end 
of the engine room, the portions on either side of the 
railway track being utilized as a workshop where all 
necessary minor maintenance repairs to plant can be 
carried out. The engine-room crane which is equipped 
for 100 tons, and which also has a 15-ton hook, has been 
designed to lower any weights into the condenser base- 
ment, and also to travel over every machine in the 
workshop, and so reduce handling. The building is 
steel-framed and brick-filled, except where extensions 
wil take place, and the turbine house walls are of 
glazed brick. 

The first set installed is a 25 000 kW Erste-Bruenner 
type tandem-cylinder machine, manufactured by the 
Metropolitan-Vickers Electrical Co., Ltd., and is capable 
of giving a 25 per cent overload over its full rating for 
two hours. This turbine exhausts into a condenser 
supplied by Messrs. G. and J. Weir. This is of 40 480 
sq. ft. cooling surface and requires 1 400 000 gallons of 
cooling water per hour which is supplied by two centri- 
fugal pumps, one an a.c. pump of 60 per cent capacity, 
and the other a variable-speed d.c. pump of 40-76 per 
cent capacity, the intention being to run the a.c. pump 
and make up the necessary water with the d.c. pump, 
and, in the event of failure of the a.c. pump, to raise 
the speed of the d.c. pump to give 75 per cent of the full 
rated capacity, in which case, although at a lower 
vacuum, the full normal output of the turbine could be 
maintained. 

Two water-extraction pumps, each of full capacity, are 
supplied, these being of the vertical spindle type, one 
driven by an a.c. motor and the other by a d.c. motor, 
in each case being direct-coupled. The d.c. circulating- 
water pump and the d.c. water-extraction pump are 
normally supplied from a d.c. generator fixed on the 
main shaft of the turbo-alternator, thereby taking 
advantage of the low steam consumption of the main 
unit, and also ensuring that the supply to these auxili- 
aries will be unaffected by disturbances on any of the 
other d.c. supplies in the station. Air is extracted from 
the con.‘enser by three sets of 2-stage steam ejectors, 
the exhaust steam from these being led into the surface 
heaters, through which passes the condensate on its 
way to the feed pumps. Two sets of ejectors will 
normally be required, the third being stand-by. The 
condensate is also passed through a surface heater 
heated by steam bled from the turbine near the low- 
pressure end, the water being raised by both means to 
a temperature of about 150? F. 

The feed system is ' closed," the water being dis- 
charged from the extraction pumps direct to the feed 
pumps, and a branch pipe being run off this service 
direct into a surge tank which is kept under vacuum. 
It is interesting to note that the surge tank is situated 
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at such a height that when nearly empty there is always 
10 ft. head on the suction of the boiler feed pumps, the 
bottom of the surge tank being actually 44 ft. above the 
suction. 

The normal steam conditions at the turbine stop valve 
are 275 lb. per sq. in. gauge pressure, and 675° F. total 
temperature, the steam being supplied to the turbine 
by two 12in. pipes from a main steam receiver. This 
receiver is fed in its turn by two steam pipes, one coming 
from each battery of three boilers. The receiver has 
been located below the level of the firing floor and turbine 
platform, but the operating spindles for the valves on 
the various pipes are extended upwards so that the 
handwheels of both the main valves and by-pass valves 
are in a room on the firing-floor level. 

The floor of the valve control room is of reinforced 
concrete, so that the room is quite separated from the 
receiver, and it will, therefore, be possible to operate 
the valves in the event of a joint failing, or any similar 
mishap. The feed pump room forms an annex to the 
turbine house, and is on the turbine platform level, 
which is also the firing-floor level of the boiler house. 
Four feed pumps, two of the motor-driven centrifugal 
type and two of the high-speed steam turbo type, are 
at present installed. One of the motor-driven pumps 
has a capacity of 13 500 gallons per hour and runs at 
3 000 r.p.m., while the other has a capacity of 27 000 
gallons per hour and runs at 1500 r.p.m. Both are 
direct-coupled to a.c. motors. The steam turbo feed- 
pumps are each of 27 000 gallons per hour capacity, 
and are each fitted with a high-pressure surface heater 
on the discharge side so that the exhaust steam may 
be utilized to heat the feed water. 

The make-up water to the boilers is supplied from an 
evaporator heated with bled steam írom the turbine, 
and the evaporated water is discharged in the form of 
Steam into the condenser. The sludge left on the 
raw water side is discharged to waste by a special 
sludge pump. 

It will be seen from the above that every reasonable 
precaution has been taken to use not only pure water 
but water which is free from air and free oxygen. We 
hope by this means to eliminate scale entirely from the 
boilers and by freeing the absorbed air and the oxygen 
to stop any corrosion that may occur in the pipework, 
economizers, boilers or turbine, and also, by keeping the 
boiler tubes perfectly clean, to raise the normal rate of 
evaporation beyond that usually obtained on boilers 
of this type. 

The boiler house contains six units each capable of 
evaporating 60 000 lb. of water per hour at a pressure 
of 2851b. and a total temperature of 700* F. Each 
unit is self-contained, with its own separately driven 
mechanical stokers, superheater, economizer, air heater, 
forced- and induced-draught fans, chimney and grit 
collector. Four of the units are by Messrs. Babcock 
and Wilcox, and two are by Messrs. Yarrow and Co. 

With the higher steam pressures such as are used 
in this type of station, considerable trouble has been 
experienced with safety valves, as, whenever they blow, 
the high density of the steam causes considerable 
Scoring of the seats and there is consequently great 
dificulty in keeping them tight. To overcome this 


difficulty we have installed a 2 in. pilot valve on each 
boiler, a shut-off valve being fitted between this valve 
and the boiler, the shut-off valve being normally open 
and locked. The pilot valve is set to blow off at about 
10 Ib. per sq. in. below the blow-off pressure of the main 
safety valves, so that under ordinary circumstances 
blowing off takes place only on the pilot valve ; conse- 
quently scoring of the seat is confined to this valve. 
As soon as this becomes serious, the shut-off valve is 
closed without shutting down the boiler, a spare pilot 
safety valve is fitted, and the shut-off valve again 
opened and locked, the scored valve being repaired as 
soon as convenient. This arrangement does not in 
any way interfere with the safety-valve area of the 
boiler, as the main safety valves are of the full area 
required by Government regulations. 

The height of the boiler house from the ash basement 
(which is at ground-level) to the flat roof is 102 ft., 
the width 80 ft., and the length 120 ft. 

An automatic electric, combined passenger and goods 
lift is provided, giving access to each of the five floors. 

Very high combustion chambers are embodied in the 
design of the boilers, the height from the surface of the 
grate to the underside of the tubes in the case of the 
Babcock and Wilcox boilers being approximately 14 ft. 
This feature has already been found to increase the 
efficiency and capacity of the boilers, and, at the same 
time, practically to eliminate “‘ birds-nesting" on the 
tubes. 

Oil-burning equipment has been installed, in addition 
to coal-firing, for two purposes :— 


(i) For use alone in times of coal shortage and similar 
emergencies. 

(ii) For use in conjuifction with coal-firing to augment 
the latter at times of peak load. 


Due to the industrial situation prevailing during the 
summer of this year, the new station has been run 
entirely on oil fuel, and under these circumstances it 
has been found that not only can steam be raised from 
cold very quickly, but that a stand-by boiler can be 
kept up to pressure by the burning of a comparatively 
small amount of oil. In the light of this experience 
it is anticipated that the combination of coal-firing 
and  oil-burning, together with large combustion 
chambers, will be found to have many of the advan- 
tages claimed for pulverized fuel, without the draw- 
backs of a pulverizing plant, which requires a 
considerable amount of maintenance. The combined 
use of coal and oil at times of peak load will, of course, 
necessitate the handling by the forced- and induced- 
draught fans of greatly augmented quantities of gases, 
and the heads against which the fans will have to work 
will be considerably increased. 

The fan motors are all of the a.c. type and, to avoid 
the inefficiency which would occur if the fan dampers 
were partialy closed so as to throttle the quantity 
down to the normal conditions, three-speed motors 
of the pole-changing type have been installed. 

Each boiler has its own chimney which is fitted with 
a “ Davidson ” grit collector. 

There is considerable discussion as to the relative 
merits of cast-iron and steel-tube economizers, and in 
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order to make comparisons five of the boilers are fitted 
with cast-iron economizers, and one with a steel-tube 
economizer. As all six are under the same conditions 
ot feed, etc., useful information should be obtained as 
to the comparative merits of the two designs. Air- 
heaters have also been installed, although, until further 
experience has been obtained as to this, only a moderate 
degree of heating has been adopted, and the design is 
such that the temperature of the incoming air to the 
stokers will not exceed about 250? F. By-pass flues are 
installed so that both economizers and air heaters can 
be cut out of action if required. Different types of 
soot-cleaning equipments have also been installed, some 
of the economizers being fitted with soot blowers and 
some with scraper gear: and in all cases the soot from 
the economizer tubes falls into a hopper from which 
it is extracted by means of a screw conveyor; it then 
falls to the ash basement, through suitable shutes fitted 
with double flap valves to form an airseal. This arrange- 
ment enables an economizer to be cleaned without inter- 
fering in any way with its operation. 

Consequent upon the inland situation of the station, 
all coal is received at the station by rail. Three years 
ago it was decided to purchase a number of coal wagons 
for the Department's own use, and forty 20-ton steel 
wagons of the hopper-bottom type were purchased. 
These proved so satisfactory that the coal-handling 
equipment for the new station was laid out to utilize 
this type of wagon, and a silo 225 ft. long and having a 
capacity of 1000 tons was constructed of reinforced 
concrete. The hopper-bottom wagons run over the 
silo, and are emptied very simply by opening the doors, 
so dispensing with the necessity of installing wagon 
tippers. Coal is conveyed from this silo by a system 
of rubber belts to the main boiler house bunker, which is 
also of reinforced concrete and is of 1 500 tons capacity. 

Ash is dumped through double doors into an open 
pit under each boiler. From the pits it is taken, by 
scraper chains working dry, to skips (one skip for every 
two boilers) which lift it up into a reinforced concrete 
bunker of 300 tons capacity, from whence it can be taken 
away by road, or rail, as found convenient. 

The cooling towers are of a type new to this country, 
being of a design which originated in Holland. There 
are three towers in the present stage, each tower being 
118 ft. high, 100 ft. diameter at the base, tapering to 
42 ft. at about two-thirds height, and opening to 53 ft. 
diameter at the top. The shells are of reinforced con- 
crete, and the internal stacks, ove1 which the cooling 
water falls, of timber. The total cooling capacity of 
the three towers is 1 400000 gallons per hour. After 
being cooled in the towers the condensing water is led 
into a culvert 30 ft. wide, 14 ft. deep and 200 ft. long. 
From this culvert the circulating pumps draw their 
water. In laying down these towers every precaution 
was taken to enable the towers to be shut off individually 
for cleaning, and arrangements have also been made 
for measuring the quantity of water. Normally the 
outlet from the tower is through a hole 4 ft. diameter 
in the floor of the outlet duct from the tower, and when 
necessary for shutting off a tower this hole can be 
blanked off by lowering a special plug. If this plug is 


placed in position, and the inlet water to the tower is | 
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not shut off, the water in the pan of the tower rises and 
escapes over a rectangular measuring notch, by means 
of which the quantity of water can be very accurately 
gauged. For sealing the outlet pipes from the suction 
culvert similar plugs are used. These have been found 
in operation to be very tight, and are of course very 
much simpler and cheaper than valves on the pipe line. 


SWITCHGEAR. 


In view of the increased capacity of the station due 
to the additional 25 000 kW set, and the future extension, 
it was found necessary to remodel the whole of the 
existing h.t. switchgear, as the rupturing capacity of 
some of the older switches was very much below the 
capacity they would be called upon to rupture in case 
of a heavy localfault. It was decided to commence the 
remodelling with the first turbo-alternator installed, 
and to complete it when the second set was installed, 
making it sufficiently safe in the meantime by the in- 
sertion of reactances between the busbar sections. 
Twenty-eight oil circuit breakers with a rupturing 


| capacity of 750 000 kVA have been installed, and nine 


are on order, these latter being required for entirely 
new feeders which do not form any part of the re- 
modelling. Each circuit breaker weighs approximately 
41 tons and requires 150 gallons of oil per switch. 

The switch house is at present 287 ft. long by 30 ft. 
span, and, as it is adjacent to the turbine house, the 
copper connections between the alternator and the switch- 
gear are reduced to a minimum, as previously mentioned. 

The switch house has six floors, occupied as follows :— 


Basement. 
Main cable way. 
Pumping and cooling plant in connection with 33 000 
volt feeder step-up transformers. 


Ground floor. 
Step-up transformers (6 300/33 000 volts), each 10 000 
kVA three-phase. 
Isolating switches for 33 000-volt outgoing feeders 
(there being no oil circuit breakers on the 
33 000 volt side). 
Works h.t. board reactances. 


Substation containing .— 

Works h.t. board. 

Two 750-kVA step-down transformers (6 300/400 
volts). 

Two 500-kW  motor-generators, 6 300-volt a.c. 
motors, 460/480 volt d.c. generators. 

Low-tension a.c. distribution board. 

Low-tension d.c. distribution board. 


The whole of the substation gear is for use on auxiliaries 
and lighting in the station. 


lst Floor. 
Incoming and outgoing isolating switches. 
Oil circuit breakers. 
Potential and current transformers, etc. 


2nd Floor. E 
Four sets of busbar chambers. 
Busbar isolating switches. 
Reactances and tie busbars. 
Control wiring chamber. 
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ard floor. 

This forms a basement to the control room and is a 
distributing centre for all control cables which have come 
through the control wire chamber, situated on the 
floor beneath. 

The alternator exciter field rheostats are also situated 
on this floor. 


4th floor (control room). 

All alternators in Nos. 1, 2 and 3 stations, all outgoing 
feeders, and all works h.t. plant are controlled from 
panels on this floor. 

À control battery in a separate and well ventilated 
room is on this floor also, and housed in a room alongside 
is a battery-charging motor-generator, also a special 
motor-generator to take the place of any alternator 
exciter which may be faulty, together with switchgear 
for controlling the above machines and battery. 

An automatic electric passenger lift is provided, 
giving access to each of the above floors. 


Having described the general lay-out I shall now run 
over a few points, some of which are novel. 

The works lighting is supplied by the station trans- 
formers, but in case of failure of the a.c. supply the 
lighting is automatically thrown over to the station 
battery. This is not the control battery referred to 
previously, but a large battery in No. 1 station which 
acts as a stand-by for d.c. auxiliaries in Nos. 1 and 2 
stations, and also now in No. 3 station. The lighting, 
therefore, should never be out of commission. How- 
ever, to ensure that some lighting is always available, 
pilot lights and several of the lights in the turbine house 
are connected permanently to the control battery. All 


the control circuits for the h.t. gear can be supplied by . 


the control battery, or the station battery, but in the 
event of failure of the latter they are automatically 
switched over to the control battery. 

lhe whole of the h.t. gear is enclosed in brick and 
steel cubicles with sheet steel doors, and to enable rapid 
survev of all the gear and the position of the isolating 
Switches, etc., reinforced glass windows have been pro- 
vided in the steel doors, and a lamp is placed in each 
separate phase section in the cubicle. A switch on the 
outside of the door controls these lights which, when 
on, illuminate the cubicle and enable inspection to be 
made without opening the doors. 

Each set of main h.t. bars can be connected to a 
common tie-bar through reactances of 5 per cent at 
3 000 amperes, so that there are two reactances in series 
between any two sets of main bars, with a total reactance 
of 10 per cent. 

The works h.t. board is divided into two sections 
which can be coupled at will, and is equipped with 
circuit breakers of 150 000 kVA rupturing capacity. 
Fach section is fed through a reactance of 2-4 per cent 
at 300 amperes. This board feeds two 500-kW motor- 


generators, two 750-kVA station transformers, and also 
two 1 250-kVA transformers in the boiler house. These 
latter operate the draught fan motors (which are all of 
the three-speed type) and also the coal-conveying-plant 
motors at 400 volts. 

As the whole of the above load is centred on the top 
floor of the boiler house, it was thought advisable to 
put the step-down transformer on that floor, together 
with the l.t. board controlling the load. 

Another special feature is the control wire chamber. 

One hardly realizes what an enormous amount of wire 
is used for control purposes in a large power station. 
In one section of this chamber there are 145 multi-core 
cables representing 1020 wires, and as the extensions 
proceed these will be increased. At present there are 
12-8 miles of multi-core cable containing 69 miles of 
controls. This chamber is 17 ft. high by 3 ft. 6 in. 
wide, one wall being available for d.c. control cables 
and the other for a.c. control cables. This chamber 
has been a distinct boon and, although called for by 
us in our specification, has already been adopted for 
another station which is under construction. The 
control wiring is visible all the way from the gear which 
it controls to the instruments on the control board. 
No fuses have been allowed on the back of any control 
panel. 
A further novel feature is the arrangement of the 
alternator control. All operating control, as distinct 
from the instrument control, has been separated from 
the control panels and placed on a pillar in front of 
the main instrument panels. This pillar has mounted 
on it control for main circuit breaker, neutral circuit 
breaker, governor and exciter. In front of each pillar 
stands a Chadburn electric telegraph, which indicates 
the signal on a corresponding telegraph at the turbo- 
alternator, and also indicates in the boiler house the 
change of load conditions. 

The main instrument panel is subdivided vertically 
with a.c. instruments on one side and d.c. instruments 
on the other side of the dividing line, thus the a.c. and 
d.c. control wires do not appear on the same panel. 

Before I conclude, I should like to refer to the 10 000- 
kVA step-up feeder transformers. These are connected 
as part of the feeder, and all switching is done on the 
6 300 volt side, i.e. at the station end, and also at the 
substation where the step-down transformers are 
situated. These step-up transformers weigh about 
28 tons, contain 2 100 gallons of oil, and are three-phase 
6 300/33 000 volts delta-star at the station, and 
33 000/6 300 volts delta-star at the substation. The 
step-up transformers are forced-cooled and require 
4200 gallons of water per hour through the coolers, 
which cool 6 000 gallons of oil per hour. The 33 000- 
volt windings are arranged for 16 500- or 33 000-volt 
operation, and for the time being we shall use these 
windings in parallel, and operate the transformers at 
16 500 volts. 
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“ELECTRICAL DEVELOPMENT AND TRAINING.” 
(Address delivered at NEWCASTLE, 25th October, 1926.) 


Our Institution occupies itself with the advancement 
of the electrical engineering industry and its allied 
branches. Electrical engineering now covers a much 
broader field than when our Institution started its 
career ; indeed, at that time—as indicated by its original 
title—it was principally interested in the transmission 
of messages by means of the telegraph. Then, as now, 
the telegraph was one of the most important develop- 
ments. Our interests now extend to all branches of the 
industry. The application of electricity to the transmis- 
sion of sound by wireless is the frontier of advancement 
in knowledge in methods of transmitting messages—a 
great advance—but we are also vitally interested in the 
largest generating stations engaged in the production of 
power, with all the intermediate stages of power trans- 
mission, to its final utilization and consumption. 

The science of electricity, in extending its field of 
commercial use, touches the boundaries of many other 
sciences and invades the most unexpected territories. 
We find electricity used in the chemical industry, in 
agriculture, in medical and surgical work, in television, 
and we even find in greyhound-coursing the live hare 
being replaced by an electrically-propelled dummy. 

With the general application of electricity, the com- 
munity is beginning to appreciate the advantages. But 
in order that it may fully realize the potentialities of the 
more extensive use of electricity in the home, wider 
channels of communication between our industry and 
the public mind must be opened out and maintained. 

The British Electrical Development Association are 
now doing a great deal. I understand that among their 
many activities they are now proposing that the simpler 
electrical units, such as the watt, volt and ampere, 
should be included with other measurement tables 
which are taught at school. 

No one more than an engineer is aware of what we 
owe to those engaged in purely scientific research. 
Progress is made along a road, of which the foundations 
have been laid by scientific thought and research. 
Electrical engineering provides one of the most wonderful 
examples of scientific research, leading to enormous 
industnal development. In our present advances we 
are confined to what might be termed minor technical 
details, when they are compared with the greater 
possibilities of scientific advancement. 

In the field of electrical power generation, considerable 
progress is being made in power-station design. With 
the increasing efficiency obtained by means of higher 
steam pressures and temperatures with which the turbine 
will now operate, attention has been focused upon the 
improvements to be gained in the boiler house. The 


practice of pulverizing the coal, which is receiving much 
attention, gives greater ease in control and perhaps a 
small gain in fuel economy, and when the early troubles 
have been overcome, we may look for its general 
application. 

The patents for coal pulverization date back to the 
year 1877; the system was first put to practical use in 
America for rotary (cement) kilns in 1895—only within 
the last few years has it been applied in the electrical 
power station. It is probable that this system with its 
economic advantages will in time displace boilers using 
chain-grate stokers which, in spite of the great care and 
ingenuity shown in the manufacture and choice of 
materials, are at times costly in upkeep and a source of 
anxiety to the station engineer. By eliminating the 
chain grate, and by protecting the furnace walls with 
water screens, the upkeep costs are kept down and the 
preheating of air to the boilers will become more practic- 
able. Greater latitude in the quality of coal will be 
permissible. Coal which in the past has been placed 
upon the slack dumps as useless will be used. Coke, 
with only a small percentage of volatile matter, can be 
so burnt. It will be allowable to withdraw from the 
coal and to utilize economically a larger proportion of 
the by-products, and yet leave sufficient volatiles to 
enable the remaining material to be burnt in a pulver- 
ized condition. Bv increasing the quantities of by- 
products, supplies of oils, etc., will be provided more 
cheaply, thereby competing with other sources of supply 
and avoiding the necessity for importing. This will 
lead to greater employment in our mines and other 
industries, and will eventvally go a long way to pro- 
viding a solution of our economiic difficulties. 

This leads to speculation upon the next advance. 
Could not the fucl after pulverizing be forced by blowers 
through lengths of pipe line from the colliery direct to 
the power station, which could then be situated in a 
central position of the electrical system and near a 
water supply ? 

We have pipe lines for waste gases, transmitted at 
high temperatures, for water and gas for domestic 
purposes, and many miles of pipe line for carrying the 
crude oil from the oil fields to the coast. Why should 
we not therefore expect the fuel to be prepared at the 
pit head—-in some circumstances possibly at the coal 
face below the surface—and pumped direct to the point 
at which it is burnt? Pulverized fuel is carried in this 
manner for short lengths in the boiler house— I under- 
stand that it has been carried for a distance of 500 vards 
—-but the system has yet to be considered for greater 
distances. In carrying this proposal into etfect, the 
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pulverized fuel must be dry and contain not more than 

2 per cent of moisture. 

The saving of the high railway and terminal charges 
would permit a considerable capital outlay in pipes, 
either under or above ground, and yet show an economy 
in working costs. Motor-driven blowers would drive 
the pulverized fuel through the pipes—so providing 
further use for electrical energy—and would avoid the 
uneconomical burning of coal in the steam locomotive, 
which is at present employed for transporting the fuel 
to the power station. 

The experience gained in the operation of the econom- 
ical high-pressure turbine in the electrical power station 
has made its application possible for marine work. It 
is hoped that the gradual improvements which must 
come from the more general use of pulverized fuel for 
land purposes may result in decreasing the length of 
flame, so reducing the height of the boiler and making 
it suitable for use on board ship where the head room is 
restricted. The great flexibility in handling, loading, 
and storage, will enable coal in this form to compete on 
more than equal terms with oil fuel, whether the latter 
is used in motor-driven cargo and passenger boats or 
under the boilers in large liners. 

A problem which has engaged the minds of many is 
that of efficiently storing electrical energy. Should 
there be discovered a cheap, efficient, and durable 
storage battery capable of storing a quantity of electrical 
energy comparable with the output of our largest 
generating stations, it would change our whole outlook 
upon the problems of power generation and transmission 
and general transport. Unfortunately, we have no such 
apparatus, but a solution of some of our difficulties in 
power generation is a good load factor, and we have to 
direct our attention to the means by which this result 
may be reached. To some extent interlinking will 
assist, but the best solution is the more extensive use 
of electricity for domestic purposes, for railway electrifi- 
cation, and for agriculture. Supply engineers are fully 
alive to the possibilities; they are doing their utmost 
to improve the conditions, by encouraging night loads 
and the consumption of energy in thermal-storage 
heating plants during '' off peak ” periods. 

The problem of switching the heavy currents which 
have now to be dealt with in the large power stations is 
a serious one. For this reason it is often desirable, and 
is becoming common practice, to switch at the trans- 
mission voltage rather than at the generating voltage, 
and to install step-up transformers between the gene- 
rator terminals and the high-voltage switchgear, with no 
switches directly on the generator itself. 

These operating conditions have led to the considera- 
tion of alternators designed to generate at higher 
potentials in order to eliminate the intermediate step-up 
transformers. The high-voltage alternators are designed 
to have a high internal reactance, so that the short- 
circuit currents under fault conditions will be no greater 
than before. 

In making this change, the alternators will be equally 
or more robust and reliable than the lower-voltage 
plants. By carrying the lead-covered paper-insulated 
cables direct to the alternator terminals, and by avoiding 
the use of step-up transformers and the heavy busbars 


and leads, there will be some reduction in cost, and by 
thus removing one link and strengthening others in the 
chain of supply the possibility of failure is lessened. 
Both mechanical and electrical materials used in 
electrical machinery are constantly subject to investiga- 
tion. Persistent efforts are being made to understand 
the fundamental processes involved in the breakdown of 
dielectrics. One of the most important of insulating 
materials—micanite —has proved satisfactory for the 
purpose for which it has been used, but an even more 
suitable material, combining mechanical strength with 
the required dielectric properties, should be obtainable. 
These problems and many others engage attention ; 
we have only to look to America, Canada, and other 
countries where electricity is more extensively used, 
to gauge the great possibilities of the future growth of 
our important industry. Circumstances up to the 
present have militated against so rapid an advance here, 
but there is no doubt that we are now making headway. 
There has been a tendency to consider that the 
Americans with their 200 000-kW generator units are 
making too rapid advances in size, and that they have 
too many eggs in one basket. But when we stop to 
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Fic. l.—Largest steam turbo-alternators in commission and 
under construction in Great Britain and the United 
States. 


reflect that the demand per head of population in their 
well-populated areas is 10 times as great as ours, we 
must decide that the size of unit is not out of proportion 
to the load. We have in this country cross-compounded 
turbo-alternators of 40 000 kW, and I have no doubt 
that when the various schemes now in view materialize, 
a unit of 50000 kW using one alternator will not be 
considered too large. 

On the North-East Coast, with a maximum demand 
of not more than 150 000 kW, we have 25 000-kW units ; 
at Chicago with a contemplated 2 000 000 kW maximum 
demand, the projected size of unit is 200 000 kW ; on 
the English basis they are entitled to a unit of 350 000 
kW. 

I have prepared a diagram (Fig. 1) illustrating the 
increase in size of units in operation in America and 
here. It is interesting to find that English manufac- 
turers have built the largest steam-operated plants 
for use abroad, but conditions have not warranted 
their use in England. 

I trust that I shall be forgiven for dealing with these 
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questions from the practical view of the manufacturer, 
as it is in this branch that I am more particularly 
interested. | 

. I have not attempted to outline the growth of the 
several branches of the industry; full information is 
available in the various addresses and published reports. 
I have tried to show the trend of development in power 
generating-plant, to speculate on some further possi- 
bilities and improvements, and to stress the importance 
of scientific training and research, the value of which is 
recognized by most people, including the thinking 
politicians. | 

Among the developments with which we are concerned 
—in addition to those of purely scientific and technical 
interest—are the broader problems met in the economic 
investigation of workshop methods to bring about 
improvement in quality and increase in output of our 
products. To achieve this end, facilities have to be 
provided for training the skilled artisan and technical 
worker in order that they may assist in the technical 
operations involved in the manufacture and operation 
of electrical plant. 

With the ever-increasing difficulties which have to be 
met in the demand for improved electrical apparatus, 
and the skill required in its operation and manufacture, 
it has become essential to examine more carefully the 
systems by which a staff of skilled men can be made 
available. 

A steady supply of skilled men is as essential for the 
efficient working of an organization as vitamins in food 
are to the health of the community. All accumulated 
experience and knowledge is useless unless there are 
trained minds to apply it. It was some years after 
Heaviside's suggestions as to the value of self-inductance 
in circuits for transmitting messages, to avoid distortion, 
that they received practical application by Pupin, leading 
to our modern loaded submarine cable. Heaviside also 
provided solutions of many of the problems in wireless 
transmission, but it was not until others were trained 
to recognize and interpret the logic of his mathematical 
procedure that it became possible to make practical 
use of them. 

Our inventions and advances have been mainly 
brought about by the genius of a few men. Our pioneers 
have won success not only by their determination to 
succeed by their own efforts, but also by their recognition 
that others have to be trained to assist them and to 
share their knowledge, and by their capacity to select 
and the personality to stimulate their associates. The 
commercial application of their researches has provided 
employment for many thousands of skilled men and for 
the students from technical colleges and universities 
from whom research workers are now recruited. 

In the same way as materials and processes are 
standardized in the workshops for economical manufac- 
ture, so are the technical and design data collated and 
standardized in such a form as to be readily understand- 
able and usable by a trained staff ; with the result that 
the problems which not so long ago received the most 
careful attention of our best research engineers are 
to-day dealt with as a part of his routine work by the 
draughtsman. It is only by improving the knowledge 
of the artisan, draughtsman, and foreman, that they 


shoulder these responsibilities, leaving the important 
development work to be dealt with by more experienced 
engineers, who then act in an advisory capacity, their 
advice only being sought when difficulties arise. 

The importance of thus delegating duties or authority 
is recognized as essential to commercial and engineering 
success—whether by the owner of the business or by 
the head of a department. Some years ago I was much 
impressed by a small sketch in one of the commercial 
magazines illustrating two methods of running a business, 
and I have here reproduced it (see Fig. 2). I should 
like to quote an extract from an article on this subject 
recently published in The Times :— 

“ Nothing is more annoying than to find on calling on 
a leading firm that some particular individual is away 
and that there is no one who can attend to ordinary 
business in his absence. It is not, of course, always 
possible for a busy man to be available, but for many 
years we have been convinced that one of the causes of 
lost orders has been the reluctance of those at the head 
of business concerns to delegate their authority to 
efficient deputies. It is all nonsense to say that com- 
petent men cannot be found. There are plenty of com- 
petent men, and plenty of ambitious, hard-working men 
who are fretting not because they are asked to do too 
much, but because they are not allowed to do as much 
as they feel that they could to promote business. It is 
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irrelevant to urge that such men are only working for 
promotion—why should they not work for promotion ? 
Our complaint is against those who will not work for 
anything. 

“ After all, the day will come when even the most 
brilliant intellect will begin to fail, and in the course of 
nature the work of the world will be carried on by the 
next generation. No one is indispensable: there is 
‘always a Mr. Goschen ' ; and when a man has reached 
the time of life when his experience, judgment, and 
reputation are his chief business assets, rather than 
physical energy and driving force, he is fortunate if he 
is able to turn to younger men who still have those 
qualities which he once had and is able during his 
lifetime to use them to carry on the work which he began 
and in which he still takes a keen interest. How infin- 
itely preferable is the lot of the veteran who from his 
semi-retirement can view the progress and development 
of the business that bears his name to that of him who, 
as his powers fail, is doomed to watch a great organiza- 
tion crumbling into ruin because no strong hands have 
been trained to hold the reins.” 

Viewed in its broadest aspect, the training of an 
engineer may be said to begin with wakening intelligence 
and only to close when he “ shuffles off this mortal coil,’’ 
but in our normal, if limited, interpretation, a trained 
engincer implies one who has completed a predetermined 
course, theoretical and practical, and has given suf cient 
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evidence of having assimilated the information placed 
at his disposal. 

During the school and early engineering training, it is 
recognized that there should be no specialization. Many 
engineers have realized too late what they have lost by 
not having a more liberal education, when they find 
what a large number of engineering problems involve 
dealings with their fellow-men, with many other interests, 
whom too often they meet on an unequal footing. 

Parents, when their sons leave school, are sometimes 
in doubt as to the steps they should take to provide 
them with the most suitable engineering training— 
university or technical college on the one hand, practical 
training on the other. 

Much depends on the individual; generally, experience 
has shown that apprenticeship or its equivalent should 
begin immediately after leaving school, care being taken 
to matriculate for the university before commencing this 
part of the training. The student will be better received 
in the factory, he will be at an age more readily able to 
acquire skill in the use of tools, and he will not need 
preferential treatment. He can avail himself of the 
evening classes and continue his studies later at college, 
where, by a little diligence, he may go direct into the 
second year. 

Through our great Institution and Trade Associations 
many scholarships are awarded, some of which entitle 
the holder to travel abroad—after his home training is 
completed—and permit him to gain experience by en- 
gaging his services in foreign workshops. Most firms 
individually provide facilities and money so that appren- 
tices of outstanding ability, who would not otherwise 
have the means, may take a university course of study, 
and they have adopted carefully planned schemes for 
the training of the voung engineer. As far as modern 
works conditions permit, they are returning to the old 
system of apprenticeship or training in use by the Guilds 
at the period of their existence when their aim was to 
maintain a high level of skill and workmanship, and to 
supervise and improve the conditions of the members, 
journeymen, and apprentices. Then, the master was 
personally in touch with his journeymen and apprentices ; 
as well as imparting his knowledge, he took a fatherly 
interest in them. 

Now, the employer is represented by the welfare 
supervisor, whose duty it is personally to look after the 
interests of the young engineer, to see that he is given a 
fair trial, and to deal sympathetically with any of his 
personal doubts and difficulties which must arise during 
this critical stage of his career. 

The welfare supervisor need not have great technical 
ability, but he must have very wide sympathies and a 
good deal of tact and discretion. He has to be in close 
touch with the management, foremen, apprentices’ 
parents, and the educational authorities. He is respon- 
sible to the directors for the training of every apprentice 
who enters the works, and his duty is to see that the 
conditions of the indentures are faithfully carried out 
by both parties. In differences which must sometimes 
arise, the works' management more and more refer to 
the welfare supervisor, who sifts the evidence carefully 
and sees that grievances are adjusted. Incidentally, if 
the apprentices deserve punishment for any wrong-doing, 


he sees that they are corrected and, where possible, 
makes the punishment fit the crime. 

Welfare supervisors have formed an association by 
means of which they meet and exchange ideas, so 
benefiting everyone concerned. The systems of training 
in use by engineering firms are generally alike and are 
conducted under the guidance of the welfare supervisor. 
I have experience of one which has given excellent 
results, and I give a short outline of it. 

Apprentices are divided into the following groups :— 
(1) Trade apprentice; (2) engineering apprentice; (3) 
student apprentice. 

The trade apprentice who is indentured for five years 
starts, after a probationary period, in the works’ school 
under a specially selected foreman, is taught to handle 
tools, to read drawings, to work small machines, and is 
given lectures on suitable engineering subjects. The 
apprentice is then able to take his place in the shops 
with some confidence, and credit to himself. This 
procedure breaks a boy gradually from a school to a 
factory life and enables the management to discover 
his bent and to fit him into the right trade. While the 
training is devised to make the apprentice a skilled 
artisan at his trade, an opportunity is given him to get 
some experience of an allied trade; forexample, pattern 
makers may gain some foundry experience and turners 
some fitting experience, and vice versa. 

In the engineering apprentice group, there are many 
secondary-school boys who desire a more general experi- 
ence, with the object of training themselves for positions 
in drawing office, erecting staffs, and test department. 
To the apprentice of this class more frequent shop trans- 
fers are given. When he has attained the age of 19, he 
is placed, if possible, in the shop or department most 
suitable for the object he has in view. The selection in 
this department depends not only on the apprentice's 
aptitude to the trade, but also to a large extent upon 
his conduct, time-keeping, shop work and evening classes. 

Student apprentices are taken for a course of three 
years, and must possess a university degree in engi- 
neering—mechanical or electrical—or supply satisfactory 
evidence of training at a university or technical college. 
They are subject to the ordinary works' rules and are 
given a comprehensive course in practical engineering, 
which goes a long way towards fitting them for senior 
positions in designing and drawing offices, or on engi- 
neering, commercial, and erecting staffs. 

During their period of training, opportunities for 
recreation are given to all apprentices. They are 
assisted by the firm in establishing the different sports 
clubs, but in order that they may appreciate and benefit 
from the advantages open to them they contribute a 
small sum towards the expenses. The sports ground 
plays a very important part in their training. On the 
playing field they learn the necessity for team work ; 
qualities of character and leadership in many boys, 
who might otherwise remain unnoticed in the shops, 
are there brought out. 

One of the greatest assets derived from the time spent 
in the workshop is psychological, learning to appreciate 
the worth and mentality of the working man and his 
general outlook on life and industry. The knowledge 
thus gained is indispensable for success in later life. 
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The steady workman who understands his tools and 
materials is worthy of our utmost respect. Without the 
co-operation and intcrest of men and foremen, our aim 
cannot be successfully and completely accomplished, 
whether in economic investigation to improve workshop 
methods and machinery, or putting into effect improve- 
ments in design. Constant development is essential 
if an article is to be manufactured economically. Diff- 
culties in design can usually be overcome by research 
work, by tests made apart from the workshop, and by 
reference to the past experience and knowledge of others. 
It must be remembered, however, that many serious 
problems develop in the course of manufacture and 
service. 

To deal adequately with these problems in the past, 
it has been recognized that the engineers in charge of the 
technical details or design should have a thorough 
training ; it is now realized that there is an ever-increas- 
ing necessity for the technical education not only of 
those responsible for the management, but also for the 
workmen. 

At the beginning, untrained men were, of necessity, 
drafted into the electrical workshops. They have 
undoubtedly done excellent work, but more is required 
of their successors, who receive a special training. I 
have no doubt that in future some of our skilled artisans 
will qualify for university degrees or diplomas. Many 
foremen have university degrees and have qualified as 
Corporate Members of this Institution. 

When what we may term the preliminary training is 
completed, it is to our Institution that we must look for 
further information and education, and the wider know- 
ledge necessary to appreciate the progress in other 
spheres of our work. 

Our Institution is one of the most important channels 
for spreading engineering knowledge. Not only does it 
assist by means obvious to us, but it encourages research 
and, through the different Research Associations, takes 
a direct interest in the work. 

Probably one of its most useful measures was the 
starting of Local Centres and, latterly, the encourage- 
ment of Informal Discussions. The object is to start a 
debate on a selected subject, carry it on by extempore 
speeches, and thereby make the atmosphere of the 
meeting free and devoid of restraint. It is hoped to get 
back, as near as modern conditions will permit, to the 
easy interchange of personal experiences and ideas 
which characterized our early meetings. We have 
heard of the rousing discussions upon the relative 
merits of direct- and alternating-current supplies, when 
Crompton and Ferranti held the field. Although these 
debates perhaps did raise some feeling in the different 
camps, they certainly served to clear up many mis- 
understandings. 

This Centre last session inaugurated Informal Meetings. 
It is hoped that these will continue, that the younger 
members will take every opportunity of joining in the 
discussions, that they will extend themselves and not 
be so nervous of expressing their views as at a more 
formal meeting. It is for them that the Informal 
Meetings were instituted ; the efforts made in organizing 
the meetings will have been wasted if we have to depend 
on our senior members to bear the burden of discussion. 


It will be seen that the young engineer is given every 
help and encouragement to join in the rapid progress of 
our industry. He must remember that his knowledge 
cannot be fully utilized or appreciated until it is blended 
with experience and judgment. 

New discoveries are made by those who have accumu- 
lated the wealth of knowledge to be gained by protracted 
effort and research, and who have at the same time the 
energy and capacity for using it to advantage. As in 
the past, originality must lie with the individual; 
training only gives guidance into the correct channels 
of thought and provides the means at hand so that 
immediate benefit may result. 

Sir Charles Parsons in his presidential address to the 
North-East Coast Institution of Engineers and Ship- 
builders in 1912 stated :— 

“ There is no doubt that in these days useful inventions 
come principally from trained brains, and the number of 
brains that have passed through schools, advance schools, 
colleges, and universities increases yearly, and con- 
currently every year the forest becomes denser, conse- 
quently we have to dig deeper and training and specializa- 
tion have become more necessary for success in any line. 
One hundred years ago it was possible for one brain to 
master many subjects; now the range and complexity 
is so great that it has become imperative to specialize 
if more than a moderately superficial knowledge is 
desired. . . ."' 

“The man of great energy and mental powers, the 
man of genius, will undoubtedly struggle to the top in 
spite of inadequate education and opportunities, but the 
average man is very largely dependent on his training, 
and without it has a very much worse chance of success ; 
and even the man of poor ability may do well if he 
prepares himself with due diligence. 

** In my experience I have come to the conclusion that 
the old adage that ‘ pride goeth before a fall’ describes 
in this day the commonest cause of failure in young 
men. One form it takes, and this I mention as a 
warning, is that fresh from technical school or college, 
he often thinks he knows practically everything and 
more than quiet men who have given the better part 
of their lives to the work in hand ; he does not realize 
that many of the facts or things stated shortly in text- 
books may have taken a lifetime to discover. A few 
years, however, of practical and responsible work 
generally brings about a juster appreciation of the work 
of others, and a better proportioned estimate of his own 
individual merit in relation to others, and he will also 
find that the acquisition of knowledge does not end with 
the school or college, but must be continued through life.” 

By their achievements, electrical engineers have 
assisted to increase the wealth of the country, and have 
developed and added to the resources of the Em pire. 


' The knowledge exchanged through the medium of our 


colleagues engaged in concurrent undertakings in our 
Dominions, the friendly interchanges, and our mutual 
interests, help tostrengthen the ties that bind us together. 

Clerk Maxwell recognized the goal to which the path 
of training and experience of the engineer leads when he 
stated :— 

“ Whatever may be said about the importance of 
aiming at depth rather than width in our studies, and 
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however strong the demand of the present age may be 
for specialities, there will always be work, not only for 
those who build up particular sciences and write mono- 
graphs on them, but for those who open up such com- 
munications between the different groups of builders as 
will facilitate a healthy interaction between them. ... 


I suppose that when the bees crowd round the flowers it 
is for the sake of the honey that they do so, never 
thinking that it is the dust which they are carrying 
from flower to flower which is to render possible a more 
splendid array of flowers and a busier crowd of bees in 
the years to come.” 


WIRELESS SECTION: CHAIRMAN'S ADDRESS 
By Professor C. L. FonrEscug, O.B.E., M.A., Member. 


(Address delivered 3rd November, 1920.) 


In the first instance, I should like to thank the 
members of the Wireless Section for the confidence 
which they have shown in choosing me as their Chairman 
for the Session. Then, as Chairman, I should like to 
offer our congratulations to Dr. Eccles on his election 
as President of the Institution. That the Institution 
should have chosen for this office one so intimately 
concerned with the formation of this Section—and its 
first Chairman—is a matter of great satisfaction to us, 
and I amsure that I shall be speaking for all the members 
of the Section in offering him our best wishes for his 
year in oftice and our heartiest support during that time. 
It is a coincidence that both the President of the Institu- 
tion and the Chairman of the Wireless Section for this 
Session are primarily teachers of engineering science. 
I may say that this signal mark of confidence is highly 
appreciated by the teaching profession. 


PROGRESS OF THE WIRELESS SECTION AND OF WIRELESS 
GENERALLY DURING THE PAST YEAR. 


Some 12 months ago doubts were expre-sed in certain 
quarters as to whether the professional value of member- 
ship of the Wireless Section was as great as it should be, 
and as to whether the requirements for corporate 
membership did not prevent many expert wireless 
technicians from joining the Institution. In the 
opinion of the Wireless Section Committee these doubts 
were to a considerable extent misplaced, but in view 
of their undoubted existence and frequent expression 
the rules of the Section were carefully scrutinized. 
Certain alterations were submitted to and approved by 
the Council and are given in detail in the Annual Report.* 
The general effect of these alterations is that membership 
of this Section now signifies active participation in 
wireless telegraphy, together with a thorough training 
in either pure or applied electrical science. The pro- 
fessional status conferred by membership of this Section 

is nowatleast as high as that conferred by membership of 
* Journal I.E.E., 1926, vo 64, p. 656. 


any other wireless Institution orSociety. It has been the 
intention of the Committee throughout that this should 
be the case, and there is little doubt that if experience 
shows still further modifications of the rules of the Section 
to be necessary in the future, in order to maintain this 
status, there will be no hesitation in making proposals 
to that effect. In addition to these alterations, it has 
been decided—with a view to widening the appeal of 
the activities of the Section—to inaugurate Local 
Wireless Sections at any of the Institution’s Local 
Centres where sufficient interest is shown. It seems 
likely that several Local Wireless Sections will be in 
existence by the end of this Session, so providing much 
wider facilities than have been in existence previously 
for the scientific discussion of wireless problems. 

The papers read before the Section during last Session 
constitute a record of the current developments in wire- 
less. It is noticeable, however, that there was no discus- 
sion of the properties of the short-wave systems, and it is 
very much to be hoped that during the present Session 
this omission will be made good by the publication of 
some of the enormous amount of information that has 
now been collected. It is noticeable, also, that several 
recent papers before this Section have been of interest 
to engineers engaged in line telegraphy and telephony, 
and that papers read before the Institution on the latter 
subject have almost invariably had some application 
to wireless.* The suggestion has been made on several 
occasions that there should be some close co-operation 
between this Section and the members of the Institution 
primarily engaged in line telegraphy and telephony, and 
in view of the fact that the two branches have now 
become so closely interwoven that any distinction 
between them is purely arbitrary, it would appear 
that some combination of activities under one Section 
dealing with the whole of electrical communications 
has much to be said in its favour. 

Turning now to the general development of wireless, 
during the past 12 months, the outstanding feature— 

* Journal I.E.E., 1926, vol. 64, pp. 1023 and 1065. 
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to this country, at any rate—has been the putting into 
commission of the great Government station at Rugby. 
This station has been fully described in numerous articles 
and papers; Mr. Shaughnessy’s paper before this Section 
being one of the earliest and most complete of them.* 
Built in the light of the combined experiences of all the 
Services, and with the expert scientific advice of the 
Commission, it approaches very closely to an engineering 
ideal. Where a high factor of safety was obtainable 
without prohibitive cost, no risks have been run. But 
in other directions where a bold policy seemed to be 
justified—as in the choice of the voltage at which the 
aerial is normally worked, for example—that policy 
has been duly followed. Whether or not this station is 
the last long-wave station to be built, it stands as an 
example of scientific principles truly and properly 
applied to practical problems which must be fully 
respected by every true engineer. 

The past year has seen the broadcasting service 
established yet more firmly than ever. It will probably 
never be possible to ascertain the whole part played by 
this service during the general strike last May, but it 
can be safely said that it was the only means by which 
the Government were able to maintain contact with 
the country as a whole during the early days of that 
remarkable experiment. 

Another development likely to be associated with 
the past 12 months is that of the transmission of '' radio 
pictures." This has been possible technically for some 
time, but it is only recently that what may be described 
as a regular service has been established. The value 
of this service for journalistic and commercial purposes 
is as yet scarcely recognized, but the day may not be 
far distant when it will be more economical to transmit 
a sheet of printed matter as a picture than as a long 
telegram in morse. Closely allied to this is the near 
possibility of true '' television,” a development perhaps 
of more value to the fighting Services than for civilian 
use. 

This brief survey has suggested to me that the time 
is appropriate for a critical review of the developments 
of the past seven years in which some attempt is made 
to ascertain the nature of the changes in both theory 
and practice, and to gain some insight—if possible— 
into the likely directions of future progress. During 1919 
most of the war-time advances became fairly generally 
known owing to the extensive publication permitted by 
the Government Departments and the demobilization 
of large numbers of officers and men who had been 
actually engaged in this work. Very little of this 
knowledge had, however, been applied for commercial 
purposes ; broadcasting had not begun, and the expert 
“amateur " was almost unknown and unprovided for. 

An analysis of the changcs that have taken place 
since that time presents many difficulties—so much 
work has been done that it is difficult to know where to 
begin. In the absence of any obvious plan, I propose 
in the present instance to start with the technical 
aspects and to follow the natural sequence of trans- 
mitter, transmitting medium and receiver. After 
that I hope to deal briefly with some more general 
questions. 

* Journal I.E.E. 1926, vol. 04, p. 683, 


TRANSMITTERS. 


The spark transmitter still has many uses but few 
friends. It is the least expensive and most foolproof 
method of wireless communication where signals are 
few and refinement is unnecessary. It does, however, 
cause such serious interference that it cannot be long 
before its use will be limited to emergency signals and to 
parts of the ocean where there is little traffic and where 
there are few receiving stations and no broadcasting 
interests to be considered. The developments since 
1919 consist solely in arranging the components in 
units of convenient form for operation and installation. 

The arc generator is unchanged. The necessity for 
a coupled circuit—except perhaps at the lower frequencies 
—was fully recognized even earlier than 1919, and 
recent experience has shown that it is the only way in 
which an arc can be used to generate an aerial current 
of reasonably good wave-form. The use of capacity 
coupling by the engineers of the General Post Office * 
has proved to be a real advance, but it seems unlikely 
that even with this assistance the arc will be able to 
hold its own against the high-frequency alternator and 
the power valve. 

Both the American and French designs of high- 
frequency alternator date from the beginning of the 
period under review, though much of the preliminary 
experimental work had been carried out earlier. Both 
types appear to give satisfaction for the purposes for 
which they were designed. The Alexanderson alternator 
has a fundamental frequency equal to that of the aerial 
current, and the attainment of this frequency with 
considerable power output must be one of the boldest 
pieces of engineering design that has ever been actually 
put into practice. The peripheral speeds necessary are 
approximately double those used in the most recent 
designs of turbo-alternators, and these speeds have to 
be withstood by rotating discs having large slots filled 
with gunmetal wedges near their outer edges and running 
between flanking stators with an air-gap of barely 1 mm. 
In comparison with machines of lower frequency these 
alternators are of enormous size and cost, but the fact 
that they have been in fairly continuous use for about 
five years without any serious trouble arising is a great 
compliment to their designers. The Latour alternators 
used in France more nearly resemble the ordinary com- 
mercial alternators, but have windings giving a funda- 
mental wave-form such that there is a marked harmonic 
of the desired high frequency. By this means a 
frequency of, say, 15 000 cycles per second is obtainable 
in a machine of 200 kW output, without exceeding the 
peripheral speeds commonly used in turbo-alternator 
design. Comparatively little information has been 
published with respect to the behaviour of these machines 
under working conditions, but apparently they are quite 
satisfactory. 

In Germany the generation of high harmonics from 
an initial frequency in the neighbourhood of 10 000 by 
means of a saturated transformer has been still further 
developed, and small transmitters designed for use 
with 600-m waves are actually on the market. 

The development of the power valve since 1919 has 

* A. G. Lee and A. J. Gitt: Journal I.E.E. 1925 vol. 63, p. 697. 
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followed closely on the lines foreshadowed. The 
limitauons imposed bv a glass bulb were recognized at 
that time, and it was clear that increase of power would 
necessitate either water-cooled anodes or the use of 
fused quartz or some similar material capable of with- 
standing a higher temperature. Each alternative 
presented the same problem, namely, that of making 
a satisfactory seal with leading-in wires capable of carry- 
ing considerable currents. It was dimly recognized, 
also, that in any form of large valve some limitations 
might arise from what is now known as the magnetron 
effect.* 

The development of the silica valve by the staff of 
H.M. Signal School, Portsmouth, has been described 
before this Section. An infinity of difficult problems 
presented themselves, to be overcome one by one until, 
finally, for a power dissipation up to 25 kW at the anode, 
something approaching perfection has been attained. 

The water-cooled power valve now most commonly 
used was rendered possible by the discovery of a 
technique enabling reliable vacuum-tight joints up to 
even several inches in diameter to be made between glass 
and nickel-steel. This discovery was immediately 
applied by the Western Electric Co., and the type of 
valve commonly associated with their name quickly 
became a practical commercial product. The power 
dissipation for which they were designed was in the first 
instance little more than that provided for in glass 
valves. But the water-cooled construction was on 
sounder engineering lines, and as the power has been 
gradually increased to values far exceeding anything 
possible with glass, this fact has been fully demonstrated. 
This type of valve is permanently sealed and it has the 
same disadvantage as a silica or glass valve, namely, 
that replacement of the filament involves the re-making 
of vacuum-tight joints and re-pumping under similar 
conditions of heating and bombardment as when the 
valve is first made. This is a costly process and leads 
to the use of long-life flaments running at low tempera- 
tures and requiring heavy heating currents. This, 
in turn, accentuates the limitations arising from the 
magnetron effect and adds appreciably to the amount 
of power that has to be dissipated from the valve. 

An alternative type of water-cooled valve—initiated 
in this country but developed in France—is run per- 
manently connected to a high-vacuum pump. In general 
form it is similar to the Western Electric type, but 
ground metal joints are used instead of permanent 
seals, with the result that the valve may be taken apart 
for filament renewal almost as easily as a receiving 
valve may be withdrawn from its holder. The dis- 
advantage of this type is obviously the necessity of 
continuously running vacuum pumps. This is, however, 
less serious than it appears to be at first sight, because 
any large station must have such a plant installed if 
filament replacements are to be made on the spot. 

Opinions are divided as to which of these three types 
will ultimately prevail, but that the valve is the only 
practicable generator—with the possib:e exception of 
the saturated sets developed in Germany—where 
frequencies in excess of about 15000 cycles are 
required, is now generally agreed. 

* A. W. Hutt: Physical Review, 1925, ser. 2, voi, 25, p. 645. 


The question of the rating of power valves is still 
to some extent a bone of contention. At the end of the 
war period the safe anode dissipation, taken in conjunc- 
tion with the emission current and the safe maximum 
anode voltage, was generally regarded as the most 
useful measure of the capabilities of the valve. Recently 
there has been a tendency to use the total power input 
to the valve as its rating. As actually used, the efficiency 
of the valve—irrespective of the power required to heat 
the filament—depends upon the permissible harmonics 
in the wave-form of the generated current, the maximum 
emission current and the safe working voltage. A 


. compromise has to be effected and, for a given power 


input, the power expended at the anode varies with 
the different conditions of use. Serious overloading 
of the anode is likely to lead to disaster, even with 
a water-cooled anode, and it is therefore difficult to 
avoid the conclusion that the anode dissipation, together 
with the safe maximum voltage, is the more reliable 
guide. It is conceivable that the added impressiveness 
of the larger figure may have had something to do with 
the adoption of the input power ! 

Closely allied to the rating question is that of the most 
appropriate grid-closeness factor for power valves. 
Early experience led—rightly or wrongly—to the im- 
pression that it was easier to obtain a high and per- 
manent vacuum without serious damage to the fila- 
ment in a valve having a close grid than in one with 
an open grid. But with increased power and with 
voltage limitations due to auto-electronic emission,* the 
necessity for lower m-values has become evident ; and to 
obtain good efficiencies it has become necessary also 
to reduce the etfective anode resistances of the valves. 
Increase of cathode area is thus required, and the ease 
with which this can be provided may well be the factor 
determining which of the three types of valve will 
eventually be found to give the best results. 

With regard to the circuit arrangements used with 
the valve generators, coupled circuits and master 
oscilators were well known and in use before 1919. 
The use of a harmonic of the tuning fork at Rugby is an 
innovation that is likely to become standard practice, 
giving, as it does, a reliable frequency control subject 
to no greater errors than that of the tuning fork itself. 
Looking ahead, it is possible to imagine a large number 
of transmitters—all the principal stations in a country, for 
example—controlled from one or two master-forks main- 
tained at a central standardizing establishment, such as 
the National Physical Laboratory in this country. The 
need for ever-increasing accuracy of frequency as the 
number of lines of communication is multiplied, makes 
some step of this kind essential in the near future. 

A difficulty that has frequently presented itself in 
all forms of high-power valve sets is a tendency to 
oscillate at very high frequencies. These oscillations 
may occur in various ways, but the capacity between 
the grid and anode always plays an important part. 
With a single valve the leads to the anode and grid 
constitute inductances in series with the capacity 
between these electrodes. At frequencies such that all 
other instruments connected to the valve are effectively 
short-circuited by self-capacity, this circuit becomes the 

* B. S. GosstiNG: Philosophical Magazine, 1926, ser. 7, vol. 1, p. 609. 
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familiar direct-coupled Hartley circuit, as shown in 
Fig. 1, and constitutes one of the ways in which a 


parasitic oscillation may arise. 


The conditions for 


self-oscillation require positive reactance from grid to 


filament, and from filament to anode. 
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can be so arranged that this condition cannot be 
satisfied, the high-frequency oscillation will be elimi- 
nated. In practice this end is attained by deliberately 
increasing the capacity between the grid and the 
filament inside the valve in such a way that, with any 
reasonably designed circuit, the grid-filament reactance 
will be negative at any high frequency at which a 
Hartley oscillation might otherwise be possible. The 
capacity to earth of the anode itself also modifies the 
conditions, and may lead to analternative form of high- 
frequency oscillation. With more than one valve a 
similar Hartley oscillation may occur. But, in addition 
to this, any pair of valves in parallel may oscillate on 
the “ push-pull ” principle, the circuit consisting of the 
anode leads and the grid leads in series with the two 
grid-anode capacities, as shown in Fig. 2. Where a 


Grid-anode 


——— a 


Fic. 2. 


large number of valves are used in parallel any pair, or 
combination of several valves acting as a pair, may 
oscillate in this way. The number of possibilities is 
thus very great and it is essential that all of them shall 
be guarded against. The conditions for oscillation 
require a positive reactance between the two grids, and 
capacity within the valves between grid and filament 
is therefore again a preventive. Other possible steps 
are to use resistance connections to both anodes and 
grids, with or without parallel capacity. The function 
of this capacity, it may be observed, is to carry current 
of the normal frequency and not of the high frequency— 
the latter being effectively shunted through the resistance 
connection by the inductance of the connecting leads to 
the condenser. 

An unexpected advance since 1919 is the discovery 
by the engineers of the General Post Office of the re- 
markable insulating properties of good-quality American 
whitewood. This discovery has removed a serious 


If the circuits 


mechanical difficulty in the construction of large induct- 
ances of low resistance. 

Constructionally, the valve transmitters have gone 
through the same phases of development as the spark 
transmitters. From being a collection of small con- 
stituent parts assembled haphazardly and giving 
correspondingly uncertain results, they have come to 
consist of one, two or, at most, three complete, self- 
contained units which, after installation, behave ex- 
actly as when adjusted in the factory. 

Short-wave transmission—that is to say, transmission 
with frequencies above about 3 million cycles per second — 
—had been used for short ranges before the autumn of 
1919. The development of this system for longer 
ranges, and particularly for use in '' beam " stations, 


| has been carried out wholly during the period under 


review. Some new problems arose and it has been 


necessary to apply many old optical principles on a new 
scale, with the result that stations are in existence 
which radiate more than S0 per cent of their energy in 
a beam having a dispersion of no more than 15^. The 
generation of the high-frequency currents called for 
modifications in the construction of the valves owing 
to the large capacity-currents to the electrodes—generally 
far exceeding the currents consisting of the streams of 
electrons within the valve. 

The modulation of the high-frequency curreut in the 
transmitting aerial—whether for morse signalling at 
either high or low speed, or for telephony—has been 
perfected in detail. The demand for true rendering for 
broadcasting has compelled close attention to the 
microphones, land lines and accessory apparatus. The 
microphones now available are less sensitive than those 
previously in use, but give results of an order of per- 
fection different from anything that had been accom- 
plished before 1919. These microphones and their 
amplifiers are unfortunately too complicated for ordinary 
line telephonv ; though whether the results heard daily 
by many millions of listeners will not shortly lead to an 
insistent demand for an equal perfection in the public 
telephone service is a question that may well be exer- 
cising the minds of telephone authorities. With regard 
to the purely theoretical aspects, it is now customary 
to think of all forms of modulated currents——even 
including spark—as consisting of a carrier wave and 
appropriate side-bands. The distribution of magnitude 
of these side-bands—which extend over an infinite range 
of frequency in most cases—determines the width of 
the band of frequency required for each line of com- 
munication. Hand-speed morse with a continuous wave 
requires only a narrow band; high-speed morse and 
telephony have a wider spread of the side-bands, and 
spark transmission involves the widest band of ali. 


TRANSMITTING MEDIUM. 


Turning now from the transmitter to the transmitting 
medium, the necessity for a reflecting or refracting 
outer atmosphere was universally accepted in 1919. 
Its precise nature was unknown, but the observed effects 
showed that the reflecting properties were widely variable 
and, of course, uncontrollable. For wave-lengths above 
1 000 m, it was known that the semi-empirical Austin- 
Cohen formula with two experimentally determined 
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constants gave results to within the degree of accuracy 
to be expected under the circumstances. Subsequent 
experience with long-wave communication—in par- 
ticular the series of measurements carried out by Mr. 
Tremellen and his assistants and given in a paper before 
this Section *—showed that with small modifications 
this formula was applicable all over the world, with a 
similar degree of accuracy. 

The extended knowledge of the properties of waves 
shorter than 100m has, however, brought to light 
several new facts—in particular the phenomena of 
"skip distance." f Observation of slow and rapid 
variations of signa) strength on the broadcasting bands 
of wave-length from 300 to 500 m shows that even at 
these frequencies the waves reaching receivers at dis- 
tances of no more than 100 miles are by no means the 
simple, approximately plane waves commonly assumed. 
Wireless direction-finding experience confirms this 
conclusion. 

According to the present theory, the Heaviside layer 
is no longer in any sense of the word a “ layer "—it 
now embraces all the space surrounding the earth where 
there are free electrons and where the rarefaction of 
the gases of the atmosphere is sufficient for those 
electrons to have a mean free path of at least a few 
centimetres. This condition appears to be gradually 
attained at a height of about 50 km, but the distribution 
of the electronic clouds and their origin is still a matter 
for speculation. The observed variation in the signals 
indicates that these clouds are subject to more or less 
regular changes throughout the day and throughout 
the year, but that there are, in addition, irregular and 
unpredictable changes frequently taking place, attribu- 
table to sunspots and other extra-terrestrial phenomena. 
The refraction brought about by the electronic clouds 
requires that the upper parts of a wave-front should 
have a higher velocity than the lower ones. The part 
played by the electrons in causing this higher velocity 
is interesting and can be seen by considering the instan- 
taneous conditions prevailing in a plane electromagnetic 
wave, as shown in Fig. 3. The vertical lines represent 
the electric flux density, and the circles with dots and 
crosses represent the magnetic flux density, these two 
being mutually at right angles and perpendicular to 
the direction of propagation. The sine curve shows 
the variation in magnitude of the two flux densities 
from point to point. The rate of change of the electric 

flux is shown by the small arrows along the curve, and 
this is—by Maxwell’s famous assumption—equivalent 
to a current. As such, it is the source of the magnetic 
flux of the wave which, advancing with the velocity of 
propagation, is in turn the cause of the induced e.m.f. 
necessary for the maintenance of the electric flux. 
When a wave such as that shown in Fig. 3 penetrates 
a space in which there are electric charges, these will be 
subject to forces tending to move them in the direction 
of the field. If these charges are tree to move, they will 
do so and will give rise to actual currents of electricity. 
Assuming the charges to consist of ions and electrons 
unimpeded by other molecules, the maximum velocities 


* H. J. Rounn, T. L. Ecxerstey, K. TREMELLEN and F. C. Lunnon: 
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will be attained at points where the electric field has 
been acting in one direction for the longest time, as for 
example at the mid-point of the curve in Fig. 3. At 
this point, positive ions would be moving upwards and 
electrons would be moving downwards, the effect being 
that of a current in the upward direction. The 
equivalent current due to rate of change of the electric 
flux is, however, downward at this point. The fact of 
these two currents being in opposite directions means 
that the magnetic effect due to the latter is to some 
extent neutralized, and the only condition under which 
the weaker magnetic flux can give rise to the same 
e.m.f. is that it shall be advancing with a greater 
velocity. This increase of velocity will depend upon 
the number of ions and electrons per unit volume, their 
mass and the time that is available for accelerating them 
in one direction or the other, viz. the time for one half- 
cycle. The light electrons will obviously move more 
freely, and it is now believed that they are responsible 
for almost the whole of the refraction.* The velocity 
acquired per half-cycle will be less and less as the 
frequency of the wave increases, and consequently it 
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is to be expected that the refraction of the waves will 
get less and less as the wave-length falls. Actually 
the conditions prevailing over the surface of the earth 
are complicated by the presence of the earth’s magnetic 
field f. which has an appreciable influence, in that it 
causes the electrons to follow spiral-like paths instead 
of straight ones. With wave-lengths above 500 m 
this influence is not serious. Below 100 m it leads to. 
a less rapid reduction of the index of refraction than 
would be expected if it were neglected. For each value 
of the strength of the earth’s field there is a particular 
frequency with which—owing to their thermal move- 
ments—the electrons will be spiralling round the lines 
of force of the earth’s field. This frequency is about 
the same over most of the earth's surface and is approxi- 
mately 14 millions. For a wave-length of 200 m 


* Sir J. LARMOR : Philosophical Magazine, 1924, ser. 6, vol. 48, p. 1025. 
t E. V. APPLETON: Proceedings of the Physical Society of London, 1924-23, 
vol. 37, p. 22D. 
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—corresponding to this frequency—there is thus a kind 
of resonance which marks the change from the law of 
variation of index of refraction applicable to long waves 
to that applicable to short waves. Some wastage of 
energy must necessarily accompany the passage of an 
electromagnetic wave through electromc clouds, owing 
to the additional collisions between electrons and mole- 
cules caused by the added velocities imparted to the 
electrons. But in the upper zones of the atmosphere 
where the mean free paths are considerable, the loss is 
negligible. Far more important is the question of the 
refraction of some portion of the wave away into space 
in the same way that a ray of light from the bottom of 
a pond is partly refracted into the surrounding air and 
partly reflected back into the pond when it strikes the 
underneath side of the surface of the water. There is 
some doubt as to the extent to which this action takes 
place. If it does take place at all, it is in the early stages 
of the refractive process and is dependent upon the 
polarization of the wave. It is possible that the ex- 
periments now being conducted with horizontally 
radiating aerials may throw some light on this problem. 

Other effects are now known to be involved besides 
the refraction of the upper atmosphere. Waves starting 
from a radiating aerial tangential to the surface of the 
earth are accompanied by currents in the conducting 
surface and a consequent wastage of energy which 
increases with increase of the frequency. In addition, 
those rays starting tangentially are subject to some 
degree of true diffraction, the amount becoming less 
and less as the wave-length decreases. 

The combined effect of all these factors is that with 
long waves the intensity of the direct rays following 
the surface of the earth does not fall off much more 
rapidly than the natural decrease to be expected from the 
increasing circumference of the wave-front. At the 
same time the upward rays are quickly refracted back 
to the earth, and the actual intensity there is that due 
to the superposition of the direct and refracted rays. 
The lengths of the paths of these two rays are different, 
and the observation of interference effects from long- 
wave stations—such as that described by Mr. Holling- 
worth before this Section a few months ago *—-is due to 
this fact. With wave-lengths in the neighbourhood of 
10 000 m, and at distances of from 100 to 1 000 miles, 
there are undoubtedly zones of high and low resultant 
field .strengths, the positions of which do not vary 
greatly from hour to hour or from day to day. For 
longer distances the resultant field arises from the 
superposition of a number of multiply refracted and 
reflected rays and the interference effects become 
complicated and variable. As far as actual dissipation 
of the energy is concerned, this takes place at every 
reflection at the earth's surface, and there is the possi- 
bility that at each refraction in the upper atmosphere 
a part of the energy is scattered into space. It is 
interesting to note that if this actually occurs with the 
radiation from the aerials now commonly in use, the 
form of the exponential term in the Austin-Cohen 
relationship requires that it shall be proportional to 
the intensity of the refracted wave and inversely pro- 
portional to the wave-length. 


* J. HortiNcwonRIH: Journal I.E.E., 1926, vol. 61, p. 579. 


Considering now the behaviour of progressively 
shorter waves, the direct ray tends to die out more and 
more rapidly and the refracted waves tend to return to 
the earth's surface at greater and greater distances, 
but without loss of energy other than that possibly 
associated with the initial refraction. At a wave- 
length of about 50 m, a state is reached where over land 
the direct ray falls to an unobservably small magnitude 
before the first of the refractive rays returns to the 
earth's surface, and the phenomenon of '' skip distance ”’ 
appears. Further decrease of wave-length increases 
the " skip distance " at both ends, and eventually at 
a wave-length somewhere below 5 m the direct rays 
dies out very quickly (at any rate over land) and under 
normal conditions of ionization the indirect rays 
apparently never return to the earth at all. According 
to this theory the efficiency of the short-wave trans- 
mission is attributable to the path of the refracted rays 
being just sufficiently bent for some of them to come 
back to the earth for the first time at the receiving 
station. This bending is dependent upon the extent 
of the ionization, and so the efficiency is necessarily 
accompanied with a high sensitivity to changes in the 
distribution of the electronic clouds. If these are 
unusually dense on account of sunspots or other pheno- 
mena, the rays appear to be bent back too soon and to 
dissipate their energy on the surface of the earth. If 
the ionization is below normal, the rays apparently 
proceed in spherical paths of ever-increasing radius 
and are dissipated in space. So far as present knowledge 
goes, therefore, short-wave transmission must always 
be subject to marked fading effects and it will only be 
by lengthy practical experience of this system that the 
question of its suitability for regular commercial working 
will be settled. 

The whole subject of the bending of wireless waves is 
happily one in which the mathematical physicist, the 
geo-physicist and the wireless engineer are closely 
collaborating, and there is little doubt that this com- 
bined effort will lead to more accurate knowledge, 
which will be of great importance both in determining 
the allocation of wave-lengths for the various wireless 
services, and in drawing up weather forecasts. 


RECEPTION. 


The receiving station and the receiving instruments 
have been altered and improved in detail in the past 
seven years, but there have been no great innovations. 
The receiver still consists of an aerial—preferably with 
directive properties—a selective combination of induct- 
ances and capacities, and an amplifier operating at one 
or more frequencies. With regard to the aerials, the 
very long Beverage aerial * is under trial and appears 
to give good results, in spite of the fact that the theory 
of its action is still rather uncertain. The commonly 
accepted explanation is that there is an e.m.f. which 
is tending to set up standing waves in the horizontal 
aerial wire and which is generated by a horizontal 
component of the electric field of the incoming electro- 
magnetic waves. According to this theory, therefore, 
no signals would be received if the wave-front were 


* H. V. BrvERAGE, C. W. Rice and E. W. KELLoG: Transactions of the 
American I.E.E.,1923, vol. 42, p. 215, 
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vertical. It remains a fact, however, that when such 
a wave is advancing along the aerial, points half a 
wave-length apart are at different potentials with 
respect to the earth, and it is not obvious why these 
diferences of potential would not themselves set up 
standing waves such as those actually found in practice. 
Other unusual forms of aerial—for example, buried 
wires—have disappeared and both loop and frame 
aerials are exactly as they were in 1919. 

selectivity is still dependent upon a balance between 
positive and negative reactance, the necessary induct- 
ances and capacities being commonly associated with 
the high-frequency amplifying stages. This arrange- 
ment gives a high degree of selectivity without the 
necessity of very critical tuning of any one circuit. The 
resonance curve is, however, of the same form as that 
of a single circuit of very low resistance, and where a 
departure from this type of curve is necessary the 
inductances and capacities have to be used as filters, 
the ideal of the flat-topped curve with very steep sides 
being more and more nearly approached as the number 
of circuits is increased. The design of the selective 
components of the receiving circuit is now made de- 
rendent upon the width of the band of frequency of 
incoming waves from which energy is to be absorbed. 
The energy of spark signals is spread over a wide band 


and the ideal receiver 1s one absorbing energy in equal 


proportion over the whole of this band. Resistance 
is consequently unimportant and sharp tuning is notably 
absent. For telephony the receiving band must include 
all the side bands that are of importance—up to at least 
5 000 cycles on either side of the carrier-wave frequency 
where both side bands are transmitted. At the edges 
of that band the cut-off can be very sharp, and the ideal 
telephony receiver would undoubtedly employ filter 
circuits or their equivalent. Somewhat the same 
arguments hold for high-speed morse signalling with 
continuous waves, but for hand-speed working the band 
is so narrow that the equivalent of a single resonance 
curve with very low damping can be used, the limit 
being imposed by the constancy of frequency of the 
transmitter. 

There has been no extensive change in either the 
practical or theoretical aspects of amplification. The 
important part played by the capacitv between the grid 
and anode is now generally realized, and tlie advantages 
of controlling reaction by means of capacity— introduced 
in the French resistance amplifiers at least 10 vears 
ago—are now generally appreciated. The desirability 
of balancing each individual stage of amplification by 
reverse capacity coupling—long advocated by some 
workers with high-power amplifiers—is now being 
adopted to some extent. An alternative method of 
dealing with this problem by designing a valve with 
an earthed screen between the controlling grid and the 
anode has been tried. This device—first suggested in 
this country, it is believed, by H. A. Madge in 1916— 
involves a new principle, namely, the deliberate use of 
the inertia of the moving electrons. Valves have now 
been constructed * in which the screening is so complete 
that the effective grid-anode capacity is only a few 
hundredths of a micro-microfarad. These valves have 


p d W. Hurt and N. H. Wititams: Physical Review 1926, ser. 2 vol. 27, 


a high equivalent internal resistance and a very high 
equivalent grid-cioseness factor. Remarkable results 
have been obtained, but it does not appear that all 
possibilities of para:.itic oscillation are eliminated. 

The intensity of the prcvailing atmospheric inter- 
ference still imposes the lower limit to the signal strength 
for satisfactory reception. The work of Watson Watt 
end Appleton * under the auspices of the Radio Research 
Board has shown that the earlier conclusions with 
regard to the nature of atmospheric interference were 
correct. Their oscillograph records show a variety of 
wave-forms all having the common characteristics 
of being heavily damped. Measurement of the ampli- 
tude of these impulses is difficult, but there is now no 
doubt that they are large compared with the usual 
signal strengths, even in this country. An infinity of 
time and trouble has been spent in the past in endeavour- 
ing to devise circuits which would not respond to thesc 
heavily damped shocks. This problem has been con- 
sidered recently from the point of view of the Fourier 
expressions for the impulse, which resolve it into an 
infinite number of indefinitely small constituent sine 


waves spread over the whole frequency spectrum.f 


The combined effects of the constituent sine waves over 
a narrow frequency band become a finite quantity 
dependent only on the nature of the shock, and any 
receiver designed to absorb signal energy over this 
frequency band will therefore absorb a corresponding 
amount of energv from the atmospheric impulse. Any 
increase of sensitivity to the signal is necessarily accom- 
panied by a corresponding increase of sensitivity to the 
interference, and the ratio of the two remains unaltered 
so long as the width of the frequency band over which 
the receiver is effective is unchanged. Narrowing the 
width of this band reduces the energy received from the 
shock and the signal to a similar extent (unless the band 
was unnecessarily wide in the first instance) and no 
limiting devices can—as far as present knowledge goes— 
effect any considerable change in the signal-shock ratio. 
Hence, as the atmospheric shocks are out of control— 
except in so far as they can be avoided by suitable choice 
of site, and by the use of short waves and directional 
aerials—the only alternative possible is to increase the 
power of the transmitter. Twenty years ago this was 
the only solution in sight ; to-day it is put into practice, 
for instance at Rugby and Daventry. How far this 
process can be carried is a matter requiring the urgent 
attention of the authorities responsible for the control 
of the large stations throughout the world. It is inter- 
esting to note that in so far as any definite frequency 
can be associated with the wave-forms of the atmo- 
spherics observed by Watson Watt this frequency is 
low and of the order of 1 000. The effects of the con- 
stituent terms of the Fourier series over a definite small 
band of frequency get less and less with greater departure 
from this frequency, with the result that for bands of 
frequency in the neighbourhood of, say, 5 million 
they are very small—a conclusion which is in agreement 
with the well-established fact that atmospherics do not 
seriously interfere with short-wave reception. 


* R. A. W. Watt and E. V. ArPLETON :. Proceedings of the Royal Society, 
A, 1923, vol. 103, p. 84; also R. A. W. Watt: Proceedings of the Physical 
Society of London, 1924-25, vol. 37, p. 23D. 

C. R. BercH and J. BrokusMA: Philosophical Magasine, 1925, vol. 49 
p. 430. ; 
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The manufacture of small receiving valves has so 
developed under the stimulus of broadcasting during 
the last few years that the possible production in Europe 
and America is now at least 100 times greater than it 
was in 1919. This result is not due merely to multi- 
plication of manufacturing facilities, but is mainly 
attributable to the adoption of improved methods. 
Amongst these the greatest factor is probably the use of 
chemical means for absorbing the last traces of gas 
after sealing off from the vacuum pumps. This reduces 
the time necessary for pumping, and avoids the risk 
of damaging the filament by positive bombardment. 
Low-temperature filaments with surface layers of high 
emitting power are almost universally used, with the 
result that where a life of 1 000 hours was optimistically 
hoped for seven years ago, a life of 10 000 hours is now 
a matter of routine experience. In fact the probable 
life of some of the valves now on sale cannot be stated 
because sufficient time has not yet elapsed since the 
present manufacturing processes were introduced. The 
greatly reduced power consumption of the modern 
filament is perhaps even more important than its life ; 
where a modern filament requires a heating power 
of only 0:25 watt, the early valves absorbed from 2.0 
to 2-5 watts. But in spite of these improvements there 
is every reason to expect further developments in the 
design of receiving valves. The advantages of low 
internal resistance have scarcely yet been realized, and 
for many purposes further reduction is desirable. 
Moreover, the worry and unreliability of accumulators 
and primary batteries point clearly to the necessity in 
broadcast receivers of adopting some simple means of 
obtaining the necessary power from the ordinary 
supply mains wherever these are available. When this 
is done, a broadcast receiving set giving a choice of 
programmes will become as much a part of the normal 
equipment of a house as an electric radiator or a gas 
cooker. 

An enormous amount of work has been done on loud- 
speakers in the last few years, and many claims for 
great improvements have been made. But in spite of 
this it is apparently a fact that there is no loud-speaker 
in existence that will give a true rendering of both 
speech and music. Some instruments unduly accentuate 
the low tones, others have natural resonances above a 
frequency of 1000; but none give a uniform response 
over the whole range. That the amplifiers are often the 
source of distortion is undoubtedly the case, but the 
causes of this are easily overcome where cost is not too 
serious a consideration. No expenditure within reason, 
however, can avoid the defects of the loud-speaker itself, 
and it is a serious reflection on the ingenuity of our 
profession that this should be the case. 


RADIO-FREQUENCY MEASUREMENTS. 


The most important high-frequency measurement has 
always been that of the frequency itself, and the recent 
developments by the staff of the National Physical 
Laboratory have led to an accuracy in the absolute 
measurement of about 1 part in 100 000.* | Comparisons 
of nearly equal frequencies by the heterodyne method 


* D. W. Dye: Proceedings of the Physical Sociely of London, 1925-26, 
Vol. 38, p. 399. 


used in conjunction with tuning-forks have for some 
time been possible to an accuracy dependent on the 
constancy of the two sources, but it is only since it has 
been possible to base the measurements on the standard 
clock at the National Physical Laboratory that the 
absolute value of the frequency could be ascertained. 
This standard of accuracy is by no means in excess 
of that required in practice. The underlying principle 
of the international agreement on the allocation of 
broadcasting wave-lengths is that it shall be possible 
to adjust the frequencies of two distant stations so 
accurately that there shall be no audible heterodyne 
beat between them, even when their common frequency 
is 14 million. It thus becomes necessary either to adjust 
these stations to identical frequency by means of a 
central receiving station employing heterodyne reception 
and tuning-forks, or to provide some form of wavemeter 
enabling the frequency of each station to be adjusted 
independently, so that the difference from the reputed 
frequency is, at the most, 50 cycles. Though both 
these methods may have to be used, the second one is 
undoubtedly preferable. At a frequency of 1$ million 
this plan necessitates an adjustment to an accuracy 
of 1 part in 30000. The technical problem involved 
in putting the Geneva plan into operation is thus of no | 


.mean order, and a solution has only become possible 


by the development of the quartz-crystal resonator. 
These can now be used with this degree of accuracy, 
and their application is another of the many examples 
provided by wireless engineering of an obscure physical 
phenomenon suddenly becoming of such practical 
importance as to have a material bearing on the lives 
and recreations of millions of individuals. 

The measurement of difference of potential over a 
wide range by one or other of the rectifying properties 
of valves leads to simple and fairly accurate direct- 
reading instruments for either voltage or current measure- 
ments up to frequencies of 1 million, with relatively 
small consumption of power. High-frequency current 
transformers have been improved and, with proper 
precautions, can also be used up to the frequency of 
] million. 

The measurement of capacity, inductance and re- 
sistance is still complicated by the difficulty of defining 
the quantities themselves in those cases usually met in 
practice where the distributed capacities are appreciable. 
The inaccuracy to be expected may be looked upon 
as roughly proportional to the effects of this capacity. 
A method has been suggested, which is deserving of 
fuller practical investigation, of measuring the decay 
factor of a circuit independently of the inductance or 
resistance of the circuit.* 

The whole range of measurement at frequencies in 
the neighbourhood of 15 million (20-m waves)—other 
than that of the frequency itself—is as yet to all intents 
and purposes unexplored. Relative measures of current 
and resistance are, of course, possible, but the actual 
magnitudes are quite uncertain. 


BROADCASTING. 


In 1919, broadcasting—as it is known to-day—was 
non-existent. There had been, it is true, a number 
* E. MaLLEIT and A. D. BrvMrEIN : Journal [.E.E., 1925 vol. 83, p. 397. 
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of instances of one wireless telephone transmitter being 
used for simultaneous communication with several 
receivers. Moreover, both during the war and after, 
several large wireless stations issued every day lengthy 
messages in morse which were received over the whole 
world. But these messages were not received by private 
persons to any appreciable extent, and the full possi- 
bilities of broadcasting were certainly not recognized. 
In both America and Great Britain amateur interest 
after the war very naturally centred on wireless tele- 
phony, owing to the greater ease and rapidity of com- 
munication. The possibility of talking to friends many 
miles away without connecting wires and with better 
articulation than that given by the ordinary land-line 
telephone, exercised an extraordinary appeal to the 
popular imagination. 

Looking back now, it is astonishing that what was 
in the first instance little more than an appeal to the 
imagination of a comparatively small number of people 
should have developed in less than five years into one 
of the common amenities of life to be found in every 
home and giving rise to a new industfy of no small 
dimensions. Numerous factories are now devoted solely 
to the manufacture of apparatus for broadcast re- 
ception ; shops for retailing this apparatus are nearly as 
numerous as those retailing photographic supplies, and 
are certainly more frequent than those devoted to the 
repair of bicycles and to the sale of cycle accessories. 
A popular technical Press has grown up with weekly 
sales running into many hundreds of thousands of 
copies. This Press is rather lightly regarded by some 
engineers, but it should be remembered that it is 
developing a widespread electrical common sense and 
is so doing a great deal for the electrical industry 
as a whole. 

The problem of the programmes will never be solved 
to everyone's satisfaction until every broadcast re- 
ceiver has a choice of at least three programmes. With 
expensive receivers this is possible now almost. every- 
where except in the close proximity of the transmitting 
stations ; a reservation which suggests that to place 


these transmitting stations in the middle of the most 
densely populated areas is a practice that may require 
modification in the near future. 

The British. Broadcasting Company is to be replaced 
next year by a Chartered Corporation presided over by 
Lord Clarendon. Whatever views may be held with 
regard to this change, there are certain outstanding 
points on which there is universal agreement. In 
the first place, it is undeniable that the British Broad- 
casting Company has rendered a great public service 
and has established traditions which must not be cast 
lightly aside. Secondly, all opinion is agreed that the 
new controlling body must have sufficient standing to 
conduct international negotiations on broadcasting 
matters, afid that in order that it should have this 
standing it must have some direct relation with the 
Government. It is generally felt, too, that the status 
given to this body should be such that it is able to hold 
its own with other interests likely to clash with those 
of broadcasting. When a few years ago there was a 
demand from broadcast listeners down the eastern 
seaboard of America for a restriction of wireless services 
to ships, most of those who had grown up with the earlier 
stages of wireless looked upon this demand as ridiculous. 
It was felt to be absurd that a mere luxury should be 
given serious consideration where .established com- 
mercial services were concerned. To-day, however, 
views have changed and the fact that one person electing 
to send an unimportant message from a ship in the 
English Channel can seriously interfere with the pleasure 
of hundreds of other people—and might possibly prevent 
an important Government pronouncement from being 
received by thousands of people for whom it was in- 
tended—has led to the conclusion that steps must be 
taken internationally to reduce interference between 
the commercial and broadcasting services to something 
much below that now experienced round some of our 
coasts. It is purely a financial question and it may be 
that the only fair solution is that some of the income 
from the broadcast licences should be devoted to the 
improvement of the ships’ installations. 
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By W. J. MEDLYN, Member. 


“ ELECTRICAL COMMUNICATIONS, AND THE SPIRIT OF PUBLIC SERVICE.” 


(Address delivered at MANCHESTER, 2nd November, 1926.) 


The electrical industry may be divided into two main 
classes, namely, electrical communications and the 
 heavy-current services. The former comprises tele- 
graphs, telephones, and railway signalling,’ while the 
latter covers electric lighting, power, tramwav, and 
railway systems. All these services are intimately 
related one to another, and are definitely interdependent. 
They ditfer widely in detail, but they are all governed 
by the same fundamental principles of science and 
economics, In the early days it was possible for an 
electrical engineer to possess a complete knowledge of 
the development of the new science, both as regards 
its theory and its practical applications, whereas to-day 
the field covered is so wide, and the cumulative results 
of research work so extensive, that the absorption of 
the encyclopadic knowledge which now exists is beyond 
the capacity of any single individual. The Institution, 
however, consolidates the scientific interests of the 
whole industry of electrical engineering, and there 
is no important electrical development of any kind 
which is not represented, in the Institution, by its 
leading experts. 

The first important application of electricity was the 
introduction of the telegraph in 1837. The Society of 
Telegraph Engineers was founded in 1871, and their 
first Ordinary Meeting was held on the 28th February, 
1872. The name was subsequently changed to the 
Society of Telegraph Engineers and Electricians, and in 
1883 it became the Institution of Electrical Engineers. 
A notable personality, Sir William Thomson (afterwards 
Lord Kelvin), was President of the Institution in 1889, 
and from his Inaugural Address, which was delivered in 
January of that year, it is interesting to observe that at 
that time the science of telegraphy occupied a very 
prominent position. The problems of the telephone were 
beginning to receive attention, and electric lighting was 
in its infancy. Sir William recommended the youthful 
aspirant to electrical engineering to study mathematics, 
dynamics, chemistry, and mechanical and civil engineer- 
ing. After qualifying in those subjects the student 
might, he said, learn all that was known about electricity 
in a few months, but he declared that there was an 
endless and prodigious field for electrical research and 
development. Sir William (then 65 years of age) 
mentioned that he had been President of the Society of 
Telegraph Engineers in the third year of its life, when 
the membership numbered 570; this number had 
increased to 1550 in 1889. It is, perhaps, hardly 
necessary for me to remark that since 1889 the Institu- 
tion has progressed enormously both as regards its 
membership and its electrical activities, and the founda- 


tions for the success achieved were largely prepared by 
the work of Lord Kelvin himself. The membership 
for the year ended 31st March, 1926, had reached the 
very high total of 12 142, with a net increase of 399 for 
the year. 

The importance of the clectrical industry is now 
universally recognized. It has indeed passed from the 
stage of public utility to that of public necessity, and it 
may be said that applied electricity and civilization 
have become 'synonymous terms. In these davs of 
competitive progress it would be difficult to imagine 
how anv important country could exist without the 
services which are rendered by electricity in various 
forms, and it is quite certain that any nation that is 
backward in electrical engineering is seriously handi- 
capped in the race for commercial supremacy. 

The present year is the Jubilee of the invention of 
the telephone, and it is therefore appropriate to offer 
some observations on the development of the important 
public service born of this invention. As a result of 
experiments extending over a number of years, in March 
1876 Graham Bell patented his telephone. It was, in 
principle. the telephone receiver of to-day used both as 
transmitter and receiver, one instrument of course 
being fixed at each end of the connecting line. Under 
such conditions the energv generated was so small that 
the range of communication was very short. The 
following year, 1877, saw the invention of the carbon 
transmitter in association with a battery and an induc- 
tion coil, whereby the energy transmitted was greatly 
increased. These two inventions cover the essential 
features of the telephone system as we know it to-day. 

The first public telephone exchange was working in 
Boston in 1877, and an exchange was opened in New 
York in 1878. The first telephone exchange in this 
country was established in London in August 1879, and 
exchanges followed in Manchester, Liverpool, Glasgow, 
Paris, and Berlin, during the next two years, i.e. up to 
1881. In the early types of exchange the subscriber's 
line was connected to only one point on the switchboard, 
and the switching through of one subscriber to another 
involved the use of a long cord for connecting together 
the corresponding terminals of the two lines. A further 
development was the provision of transfer circuits 
between different positions on the suite of switchboards, 
which reduced the length of the connecting cord required, 
but involved the disadvantage of double switching 
operations. The first switchboard of the multiple 
tvpe, giving each operator direct access to every line 
in the exchange, was brought into use in this country in 
1881. In a non-multiple exchange only a relatively 
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small number of lines can be operated satisfactorily, 
whereas the maximum capacity of a modern manual 
exchange is generally fixed at 10 000 subscribers’ lines, 
and in a busy exchange of this type over 100 000 calls 
may be originated daily. The number of operators 
required depends upon the peak load, or the average 
number of calls which are made in the busy hour. An 
operator is able to set up and afterwards disconnect 
local calls between subscribers on the same exchange at 
the average rate of about 200 an hour, or 3 per 
minute. 

In the early systems, a speaking battery, usually 
consisting of two primary cells, was directly associated 
with each telephone. A distinct step forward was 
achieved in 1900 by the introduction of the common- 
battery system, which provides for the use of a large- 
capacity common battery of secondary cells at the 
exchange in lieu of a separate battery for each telephone. 

The first practical machine-switching system, or the 
automatic telephone, giving facilities to subscribers to 
make their own connections without the intervention 
of the exchange operator, was invented by Strowger of 
Kansas City in 1889. Ten vears later the first automatic 
switch was brought to this country. 

The development of the telephone in the North- 
Western area of England was undertaken by the 
Lancashire and Cheshire Telephone Co. in 1881 with a 
capital of £300 000. The district covered the counties 
of Lancashire, Cheshire, part of Westmorland, the six 
northern counties of Wales, and the Isle of Man. In 
February 1885 the Company had 1 090 exchange sub- 
scribers in Manchester, 1050 in Liverpool, and 860 
distributed over the remainder of the district, a total 
of 3 000, with a gross revenue of just over £50 000, and 
there were nearly 900 private wires, with a revenue of 
£16 600. In March 1926 the Post Office had about 
207 000 telephones in the same area. 

Some interesting statistics of telephone develop- 
ment are given in the first number of a fortnightly 
journal, The Telephone, which appeared in January 1889. 
At that time there were seven companies operating in 
the British Isles, namely the National Telephone Co. 
(Midlands, Yorkshire, and Scotland), the Lancashire and 
Cheshire Co., Western Counties Co., South of England 
Co., United Telephone Co. (London District), Northern 
Telephone Co., and the Telephone Co. of Ireland, with 
a total of about 30 000 telephones. Germany had 31 000, 
and the United States (Bell system only) 159 000. 

-Berliin had 8981, London 6958, New York 6 902, 
Stockholm 5 665, and Paris 5 330. Subsequently the 
seven British companies were merged and became the 
National Telephone Co. 

In 1896 the telephone trunk lines for long-distance 
communications were taken over by the Post Office from 
the National Telephone Co. About this time also a 
number of telephone exchanges were established bv the 
Post Office. ln 1902 the Post Office inaugurated its 
London telephone system; and in January 1921 the 
National Telephone Co.'s undertaking was transferred 
to the State. 

On the Ist January, 1912, the Post Office telephones in 
Great Britain and Ireland numbered approximately 
693 000, including 561 738 transferred from the National 
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Telephone Co. The totals at the end of the financial 
year ending 31st March, 1912, were :— 


Post Office 703 981 
Guernsey .. 1 963 
Hull Re 3 279 
Portsmouthu ak T a 2 590 

711 818 


At the end of March 1926 there were 1 421 150 tele- 
phones in Great Britain and Northern Ireland, including 
11 000 belonging to railway and other private installa- 
tions, with facilities tor communication with the national 
system, and about 20 000 on the system maintained by 
Hull and the Channel Islands. On the Post Office 
system there were 1 390 153 telephones as compared 
with 1 273 800 in March 1925, representing an increase 
of 116 353, or 9-1 per cent, during the year. In the 
middle of 1913 the total for this country was three- 
quarters of a million, so that in 13 years, despite the 
slowing down of development due to the war, the 
number of telephones in Great Britain was doubled. 
At the present rate, with a regular annual increase of 
9 per cent, the number of telephones will be doubled 
again in 84 vears. 

At the end of March 1925 (the latest date for which 
the published accounts are available), when there were 
1 273 800 telephones connected to the Post Office 
system, the capital value of the plant and buildings 
was approximately £66 millions, and the gross revenue 
nearly £15 millions. The net additions to plant and 
buildings amounted to about £10 millions during the 
year. 

The annual report of the American Telephone and 
Telegraph Co. shows that at the 3lst December, 1925, 
the Bell telephone system comprised approximately 12 
million telephones, with a capital value of a little over 
£600 millions, and a gross revenue of £157 millions. 
Over 800 000 telephones were added to the system during 
the year, and the net additions to the plant cost about 
£53 millions. The net increase in the number of tele- 
phones in the United States is generally at the rate of 
about 7 or 8 per cent per annum. In addition to the 
Bell-owned telephones there are nearly 5 millions (repre- 
senting a capital value of probably £250 millions) in 
the United States under associated companies, which 
have facilities for intercommunication with the Bell 
system. The long-distance lines are mostly owned by 
the Bell Co. Altogether in the United States there are 
about 10 000 separate telephone companies; many of 
these companies have only a limited field of activities 
and simply represent small rural communities working 
their telephones on a co-operative basis. 

It is interesting to observe that the average cost per 
telephone of the British Post Office is approximately 
the same as that of the American Bell Co., and the 
average operating and maintenance costs are also 
approximately the same in both cases. Strictly speak- 
ing, the telephone is hardly a suitable unit of comparison 
in the matter of costs, since the value of line plant 
depends largely upon the density of the service. The 
large buildings in American cities have the advantage 
of density of telephone development; in some cases as 
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many as 10 000 telephones are concentrated in a single 
building. Generally, too, the telephone facilities in 
hotels are greater than in this country. The telephone 
is also more freely used by the Americans, and this is 
an economic advantage, since the calls are paid for 
according to the number made, and a high average 
calling rate per line represents increased revenue in 
respect of line-plant investment costs. 

On the Ist January, 1924, there were about 241 
million telephones in the world. Of these 62 per cent 
were in the United States, 4 per cent in Canada, 9 per 
cent in Germany, and 5 per cent in Great Britain and 
Northern Ireland, leaving a balance of 20 per cent for 
the rest of the world. The total number of telephones 


in use at the present time is probably in the neighbour- - 


hood of 27 millions. 

With the growth of the industry, the range of speech 
transmission has been vastly extended. In 1880 the 
limit in America appears to have been about 45 miles ; 
in 1884 conversations were possible over 230 miles ; 
in 1892 over 900 miles; in 1911 over 2 000 miles; and 
in 1915 over 3600 miles. In this country in 1889 
serious discussion took place as to whether it would be 
possible to speak over a line 130 miles long, consisting 
of overhead copper wires weighing 150 lb. per mile, 
between London and Birmingham, having regard to 
the fact that the local exchange connections at each 
end were made by single wires with earth returns. At 
that time a telephone line of overhead wires weighing 
370 lb. per mile was in use between Paris and Brussels, 
a distance of 180 miles. The subsequent result proved 
that speech between London and Birmingham was 
practicable under the conditions referred to. 

Speech transmission difficulties over long distances 
arise where submarine cables become necessary, and for 
many years our Continental communications were 
limited to the London-Paris service which was opened 
in 1891. Further advances in science, and improve- 
ments in cable manufacture, enabled longer distances 
to be covered. The first Anglo-Belgian telephone cable 
was laid in 1903, and the first Anglo-Dutch cable in 
1922. Further cables of improved types were added to 
all these services, and in March this year regular com- 
munication was established between London and Berlin 
via Holland. With the development of telephone 
repeaters the limiting distance of speech has been largely 
extended, and the scheme for long-distance services 
between this country and the countries of Europe, which 
was outlined by Mr. Gill in his Presidential Address * 
in 1922, is now in process of being realized. 

This year has seen the thirtieth anniversary of the 
granting of the first Marconi wireless patent in 1896, 
in which year Senatore Marconi brought his apparatus 
to the G.P.O., London. I was not personally engaged 
on the experiments, but I well remember that telegraph 
signalling over a distance of some two or three miles 
on Salisbury Plain was rightly regarded as an achieve- 
ment of epoch-making importance. Since then signalling 
by wireless between this country and Australia, a 
distance of 12 500 miles, has been accomplished. Radio 
telegrams are now accepted by the Post Office for 
transmission from the wireless super-station at Rugby 


* Journal I.E.E., 1923, vol. 61, p. 1. 


to ships in any part of the world. Excellent telephonic 
communication has been maintained experimentally 
between London and New York by the Rugby wireless 
station in association with the American Telephone 
and Telegraph Co.'s wireless station on Long Island. 
Certain technical problems in connection with this 
long-distance wireless telephone service still remain to 
be solved, and the experiments are being continued to 
explore the possibilities of establishing communication 
on a commercial basis between this country and America. 

The extent to which wireless broadcasting has entered 
into the life of the nation is indicated by the fact that 
there are now well over 2 million receiving licences 
current in this country. There could be no better 
testimony than this to the popularity of wireless as a 
means of education and entertainment. The success 
achieved by the British Broadcasting Co. in the short 
period of four years (since the 14th November, 1922) 
is indeed a striking tribute to their methods of organiza- 
tion and the technical abilities of their engineering stafi, 
but it should be recorded that the assistance which has 
resulted from the gencral policy adopted by the Post 
Office administration has been by no means the least 
notable factor in attaining the achievement. 

It is, perhaps, difficult to realize the extent to which 
the world's business of commerce and industry is all 
dependent on the progress of science. Most of us are 
so engrossed by our own little corner of science that we 
seldom find time to bestow much thought on the broader 
aspect of the subject. Nevertheless, it is useful and 
stimulating to detach ourselves occasionally from our 
more immediate preoccupations and endeavour to survey 
the wider field ; when we do so the practical effect of 
applied science on the development of civilization and 
the welfare of mankind is vividly brought home to our 
imagination. During the past 50 years the applications 
of electricity to lighting and power, transportation and 
the communication services have been so important, 
yet have become so commonplace, that it is impossible 
to visualize the state of paralysis that would result if 
all these conveniences were withdrawn. So recently as 
25 years ago electric tramways had only just been 
introduced in Manchester; 24 years later the amount 
of capital invested in electric tramways and light rail- 
ways in this country was nearly £96 millions, and the 
annual gross earnings of the undertakings nearly £29 
millions. About four-fifths of the capital is represented 
by municipal undertakings and one-fifth by companies. 

With our experience of present-day electric light and 
power services, it is amusing now to read in a technical 
journal published in 1889 a description of an exhibition 
organized in an important Midland town in that vear 
to demonstrate the advantages of electric lighting. 
One evening during the progress of the exhibition the 
light failed, and the journal commented on the speed 
with which the enthusiastic electrical exhibitors pro- 
duced oil lamps and candles. The same journal, in 
February 1889, mentioned that for some time past 
there had been rumours current with regard to the 
establishment of central lighting stations in Manchester, 
and referred to the success of an undertaking of that 
kind in Liverpool. To-day the capital invested in tlie 
electricity supply industry in this country is something 
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like £195 millions, of which about two-thirds has been 
spent by local authorities and one-third by companies. 
During the past three years, capital expenditure has 
been proceeding at the rate of £17 millions a year, and 
it has been estimated that a further £250 millions will 
be required to meet the electricity supply development 
of the next 16 years. It should be added that electrical 
investments are conducted on a profitable basis, and, 
although very large sums are being expended to secure 
the advance of civilization and public convenience, the 
industry is entirely self-supporting. 

The total investment in the electricity supply industry 
in the United States is about £1 500 millions and the 
gross income for 1925 was about £300 millions ; during 
1925, 60 250 million units were generated. In this 
country the capital expenditure up to March 1925 was 
£162 millions, and the gross revenue for the year amounted 
to £36 millions. The Electricity Commissioners’ report 
for 1925 shows that during the year ending 31st March, 
1925, 7 415 million units were generated at 584 stations. 
The population of the United States is approximately 
116 millions spread over an area of 3 600 000 square 
miles, as compared with Great Britain's population of 
43 millions in an area of 89 000 square miles. 

It is interesting to note the relationship between 
capital expenditure and gross income in the cases I 
have quoted, which is summarized in the following 
table :— 


completed and brought into use in April 1922. This 
cable contains 160 pairs of copper wires, each wire 
weighing 40 1b. per mile; 104 of the pairs are designed 
for telephone communications, and 6506 pairs for tele- 
graphs. By means of “ phantom " apparatus the 104 
telephone pairs can be utilized to form 156 long-distance 
lines. The length of the cable is nearly 200 miles and 
the grade of speech transmission is approximately equal 
to what would have been possible with about 13 miles 
of cable conductors of this size before the invention of 
loading coils and the application of the thermionic 
valve to telephone repeaters. Before the application of 
these advances in science, telephone communication 
between London and Manchester could only be provided 
by means of overhead lines, and to give the same grade 
of speech transmission with the same number of circuits, 
wires weighing 400 lb. per mile carried upon six lines 
of poles would be required. An additional Jine carrying 
56 single-wire telegraphs, each wire weighing 150 lb. 
per mile, would be necessary. I have had some calcula- 
tions made which show that these seven overhead routes 
would cost at least £1 500 000 more than the cable ; 
and as sufficient public roads would not be available to 
accommodate the lines it might be necessary to purchase 
or rent a fenced-off strip of land, say 30 ft. wide, for a 
great part of the distance of 200 miles. The London- 
Liverpool cable, with a capacity of 78 circuits, was 
brought into use in 1916 and the cost of this was nearly 


Service 


British telephones 
U.S.A. (Bell) telephones 
British tramways, etc. 
Bntish electricity supply 
U.S.A. electricity supply 


The pecuniary advantages resulting from the cumu- 
lative benefits of applied science are not capable of 
exact estimation, but the figure must indeed be stu- 
pendous. It has been calculated that in the telephone 
feld in the U.S.A. during the period from 1900 to 1920, 
and choosing only 10 items concerning which definite 
data could readily be obtained, the specific savings 
amounted in round figures to 600000000 dollars 
(£100 000 000). This huge saving would probably be 
more than doubled if everything could be taken into 
account. Since the service must be self-supporting, and 
rapid growth can only take place if charges are kept at 
a reasonable level—and both these conditions have been 
fulfilled—-it follows that the savings have resulted in 
very substantial financial benefits to the public, without 
taking into account the values accruing to the public 
in various ways from the use of this means of communica- 
tion for the direction or control of business enterprises. 

I am not able to give you a similar calculation in 
respect of the telephone service in this country, but I 
think the members of this Centre will be particularly 
interested in some figures relating to the London- 
Manchester underground telephone cable which was 


(a) Capital (b) Gross revenue (a) + (b) 
£ £ 
66 000 000 15 000 000 4'4 
600 000 000 157 000 000 3°8 
96 000 000 29 000 000 3:3 
162 000 000 36 000 000 4:5 
] 500 000 000 300 000 000 5:0 


as much as the London-Manchester cable, which bas 
double the capacity. The saving effected represents the 
financial result of the advance of science in the short 
period of six years. The London-Manchester cable was 
unique in being the first telephone cable in this country 
designed for working through telephone repeaters. 
What has been said about the telephone service 
applies with equal force to the electrical industry 
generally. It is quite certain that the present amenities 
of civilization would be unobtainable without the 
applied science of electricity, and I think electrical 
engineers can reasonably claim that their joint co- 
operative eftorts materially increase the rates of pro- 
duction and consequently the capacity of anv given 
area to support an increasing population. We are 
sometimes told that the nervous system is seriously 
impaired through the strain imposed by modern condi- 
tions of civilization, and by the fact that we can take 
advantage of our present methods of communication 
and other engineering achievements to live at a more 
rapid rate, to produce more, and to earn more in a given 
time. It is comforting to know, however, that the 
average span of life, instead of diminishing, is increasing, 
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and it would appear therefore that, in combination 
with the advance of medical science, the extra strain 
of living is more than counterbalanced by the applica- 
tion of engineering science to secure increased production 
of commodities with less expenditure of human effort, 
as compared with what was possible in earlier times. 
During the past few years much has been said and 
written about the problems of modern industry and the 
question of increased production. I think, therefore, 
that it will be profitable to give a passing thought to 
this most important subject and its intimate relationship 
to the spirit of public service, with particular reference 
to our own profession. Electricity undertakings of 
every class, whether they consist of weak-current com- 
munications or the heavy-current installations, consti- 
tute a national common service, and such undertakings 
can only be a success in so far as the undertakers con- 
cerned succeed in satisfying the needs of the community 
both as regards quality and price. This is the problem 
which we, as engineers, have to face to-day. Finance 
is, of course, an essential element in all industries, but 
in the technical industries, as now constituted, the wise 
use of money is a problem which can only be settled 
with engineering knowledge in combination with business 
experience; the value of the individual is increased 
where both these qualifications are present. Public 
sentiment in this country demands the best service we 
can give, whatever may be our calling, and the dominant 
spirit of the British nation is a willingness to pay a fair 
price for good service. Poor service is never cheap at 
any price. Of course, in a practical world we cannot 
afford to be governed entirely by sentiment and we 
cannot always realize our ideals, but the application of 
proper sentiment tempered by common sense is a profit- 
able business ideal which operates to the advantage of 
all. In big business corporations it is, of course, essential 
that there should be cohesion between the management 
and the staff, as well as between the various sections 
comprising the whole undertaking, and we get an insight 
into the methods of achieving this result from some 
remarks made by Mr. H. B. Thayer, the President of 
the American Telephone and Telegraph Co. in 1922. 
In dealing with the commercial development of the 
American telephone system, Mr. Thayer said :— 


“ To give the high standard of service required we 
must pay wages which will attract and hold a picked 
lot of people, and we must stimulate in them an 
enthusiasm for the business. They must know what 
we are trying to do and be in sympathy with it. 
We consider it as much a part of our work to foster 
a spirit of service among the people in our business 
as it is to furnish poles and wire.” 


The observation I have quoted is not an isolated 
expression, but it represents the principles which have 
inspired the American technical and administrative 
journals concerned in the expansion of the telephone 
service for many years past, until the spirit has been 
absorbed not only by those engaged in the telephone 


industries but by the general public. The effect of this 
spirit is to produce a feeling of goodwill between the 
supplier and the consumer which reacts to the advantage 
of both, and consequentlv to the common good of the 
community. 

These fundamental truths are equally applicable to 
the electrical industry in this country, whether the 
service be provided by the State, by municipal authori- 
ties, or by private companies. It would be invidious 
to make any distinction between these three main 
classes of supply ; all three are well represented in the 
membership of this Institution, and there is ample 
evidence in the papers presented to the Institution, and 
in the discussions thereon, that the spirit of public 
service is assiduously cultivated in all branches of the 
industry. The spirit is fostered by the activities of the 
British. Electrical Development Association, the Tele- 
phone Development Association, the technical journals, 
and the manufacturing interests ; and it is encouraging 
to note that great help is also rendered in the same 
direction by the non-technical Press. With this ground- 
work we have good reason to look forward with confi- 
dence to the future development of the electrical industry 
here, as in all other progressive countries throughout 
the world. What we require above all to secure this 
development is peace in industry, and the co-operation 
of all grades of workers to assist the management in 
securing maximum production for the common good 
with minimum wastage of energy, always bearing in 
mind that a sufficiency of the commodities which go to 
make up the sum of human happiness and content can 
only be produced as a result of human effort aided by 
efficient organization and the application of individual 
intelligence. Those commodities which make for a 
higher standard of living, not for one particular class 
but for all classes of the community, are within our 
reach if we all work to the common end and expend our 
efforts in the right direction ; but all trained engineers 
are aware that without this co-operation the ideals 
after which all sections of the community are striving 
can never be fully realized. 

It is encouraging to note that the economic laws which 
govern our present life and civilization are gradually 
becoming better known and appreciated by thinkers 
and leaders of all classes and all shades of political 
opinion, and the knowledge is spreading to all sections 
of the population. There is, therefore, good ground 
for the hope that the solution of our industrial problems 
will ultimately be found in the general recognition that, 
fundamentally, industry is a form of service to the whole 
nation ; and, hence, good team work between all classes 
of organizers and workers engaged in the production 
and distribution of commodities is the best and. surest 
way to improve the standard of living to the advantage 
of everybody concerned. Personally, I am convinced 
that the encouragement of this principle is the highest 
form of patriotism, because it is calculated to advance 
the industrial efficiency and the well-being of all members 
of the community and the general welfare of the British 
Empire. 
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WESTERN CENTRE: CHAIRMAN’S ADDRESS 
By W. G. HEATH, Member. 


(Address delivered at BRISTOL, 8th November, 1926.) 


I propose to divide my address into four sections, 
as follows :— 


(1) The universal application of electricity for 
domestic requirements. 

(2) Costs of apparatus, and standardization. 

(3) A brief review of the apprenticeship system in 
its relation to electrical contracting. 

(4) The Benevolent Fund. 

(1) THE UNIVERSAL APPLICATION OF ELECTRICITY FOR 
DOMESTIC REQUIREMENTS. 


Mr. J. W. Burr, my predecessor, in his address a 
year ago, dealt very considerably with the industry 
from the point of view of the consumer, and I do not 
wish to go again over the ground which he and others 
have covered so thoroughly. 

Uppermost to-day in all our minds is that which is 
summed up in the phrase “ Lighting the homes of 
Britain." That great task is essentially the contractor’s 
job, for it is the contractor who comes into touch with 
the consumers all day and every day. He should, and 
I am sure will, be backed by the supply engineer, as 
the whole industry relies solely on the consumer. 
Have we not to admit that the fringe of our great 
industry has hardly yet been touched ? 

(a) Tariff charges.—I am very glad to note that the 
Electricity Commissioners have appointed a committee 
to investigate the vital matter of tariff charges for 
electricity for domestic requirements. It is well known 
that there are a great many different methods in 
operation, and I hope that the recommendations of 
the committee to which I have referred will be of a 
character which will be helpful to the commercial 
managers of our various electricity undertakings. 

We hear of methods in towns such as Croydon and 
Norwich which vary from those employed in places 
even of like population. It would be most valuable if 
comparative data could be produced showing the 
effect of varying tariffs upon the consumption per head 
oí population, and the resultant price per kWh. 

It is manifestly impossible for those towns which 
are substantially non-industrial to supply electricity 
at a price comparable to that in towns which are 
largely industrial. In the non-industrial areas it would 
be a very great advantage if the use of electricity could 
be extended for domestic purposes other than pure 
lighting. Some progress in that direction has been 
made, but the advance has not been pushed far enough. 

What, then, are the causes of this lack of progress ? 
I would say that there are three main ones, viz. the 
high price per unit, the high cost of material, and 
national conservatism. 


(b) The high price per wnit.—The price per unit of 
electricity for domestic power and heating supplies is 
far too high. That is largely due to the fact that 
managers of municipal electricity undertakings fear 
that if thev reduce the tariff they will have a bad 
balance sheet, and the members of the electricity 
committee will be unable to point to the fact (when 
they seek re-election at the hands of the electors) that 
the electricity department has contributed large sums 
in relief of the rates. I submit that this attitude is 
entirely wrong and the essence of short-sightedness. 
If there are profits in the supply of electricity—I speak 
of course largely of municipal undertakings—then 
surely such profits, until the consumption reached, 
say, 250 kWh per head of the population, should be 
devoted partly to the reduction of tariff and partly 
to the extension of the undertaking. Why should the 
losses accruing from, let us say, a municipal slaughter- 
house or public bowling-green be partially met by the 
profits from the electricity department ? Very large 
sums are being placed at the disposal of municipal 
treasuries by our various electricity undertakings from 
their yearly surpluses, and in some cases such surpluses 
are emanating from power stations which retain in 
service obsolete generating plant which should have 
been scrapped years ago. 

There is in these matters far too parochial an outlook. 
The Electricity Bill which is now about to come into 
active operation will, let us hope, alter such a state of 
affairs. Principally, of course, the Bill should lead to 
a very appreciable increase in the consumption of 
electricity per head. 

(c) High cost of material.—I consider that the cost 
of domestic electric appliances is far too high, and I 
should like to see each and every electricity supply 
department empowered to let out on hire such apparatus 
as electric geysers, heaters, washers and refrigerators, 
for that would undoubtedly encourage users to ''do it 
electrically," as the slogan puts it. We want to 
increase the demand for such appliances, and thereby 
reduce costs of production and increase the consumption 
of electricity, with allits many advantages. 

Our far-seeing competitors in the gas industry do a 
great deal more in this way than we do in the electrical 
industry. They quote very low terms for the hire 
and maintenance of gas heating and cooking apparatus. 
Let us look forward to the time when our various 
electricity authorities will be content to split up the 
financial charges associated with the hire, maintenance 
and depreciation of such domestic appliances, by 
debiting one half of such charges to the apparatus and 
the other half to the charge per unit. 

(d) National conservatism.—I do not think the 
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obstacle of national conservatism exists to the extent 
that is commonly supposed. The larger bulk of our 
fellow men are quite willing and ready to adopt any 
improved means of heating, cooking or the like, but 
when a housewife who is inquiring for an electric oven 
is told that it will cost £30 to install, and that she can 
get a gas cooker at a rent of ls. 6d. per quarter, it is 
only the exercise of common prudence that makes her 
turn down the proposal. She can hardly be expected 
to be electrically enthusiastic. That is not innate 
conservatism, it is common sense. We have to go to 
her and say: ''We can give you an electric cooker 
for ls. 6d. per quarter; it will do all your cooking at 
a price equal to, or probably less than, what you pay 
for gas." Then the gas cooker, 1 am sure, would 
stand very little chance. That enlightened attitude 
is adopted in some places. I hope that before long it 
will be universal, for it means an immediate speeding up 
in the consumption of electricity per head of population, 
with all the benefit to the nation that that entails. 

The contractor's great mission is to bring home to 
the people the comfort, utility and cleanliness of electric 
light and power, thereby increasing the station load 
and automatically reducing station costs, consequently 
giving the consumer a supply at a reasonable price 
per unit. 

(e) Press comments.—Newspapers have recently in- 

ferred that the average housekeeper is afraid of elec- 
tricity. The most persuasive salesman in the world 
may demonstrate to her that electricity can drive a 
sewing machine, cook a dinner, clean a room, refrigerate, 
wash and iron more cheaply and quickly than any 
smethod she has ever tried before, but though her 
reason is convinced her heart hesitates. She thinks 
that she might get a shock; even the switch of her 
electric light or a radiator is a deadly thing to be 
turned on tentatively and at arm’s length. Such fears 
are incredible to us, but we have to make allowances 
for them. Then are we not weary of seeing in news 
columns almost daily the statement that “ the fire was 
caused by the fusing of an electric wire ” ? 

(f) General.—In spite of the numerous rules, regula- 
tions and conditions of various associations, supply 
companies, corporations and insurance companies, there 
is to-day an enormous amount of jerry installation 
work being carried out. The supply undertaking 
connect the job to their mains, the insurance company 
accept the risk without any inspection of the work or 
material used, and the result obviously is trouble with 
the consumer, and, what is worse, a bad advertisement 
for the industry as a whole. What is the remedy ? 
I may appear to be going over ground that has already 
been adequately covered, but it is worth repeating. 
My counsel is to allow on the mains only work that 
has been carried out by registered contractors with 
British materials. I venture to say that 50 per cent 
of the accessories going into consumers’ houses to-day 
would not be offered for sale direct to the public in a 
penny bazaar. Something more than a ''megger" 
test in the consumer’s cellar is essential if we want 
increasing and satisfied consumers. 

With regard to the damaging reports that many of 
the recent country house and other fires have been 


caused electrically, I suggest that no wiring—of what- 
ever system it may be—should be buried either under 
floors or in walls. I see no reason why the job should 
be an eyesore, and we should at least have the satis- 
faction of knowing that the tubing or metallic covering, 
whatever it may be, is at least continuous and effectively 
earthed. If that system were more generally adopted, 
electric fires and shocks would not be heard of. 

To manufacturers, more particularly of electric 
heating and cooking apparatus, I suggest in passing 
that it should not be possible for an electric iron to 
burn its way through the kitchen table. After many 
years of experience of this apparatus we have left it 


to the American manufacturer to put a safety device 
in the handle. 


(2) Costs OF APPARATUS AND STANDARDIZATION, 


With favourable public opinion and co-ordination of 
effort in improvement of supply conditions, we look 
forward with greater confidence than for many years 
to great developments in the electrification of British 
factories and houses, but we must remember that, 
however anxious producers may be to provide current 
at a reasonable cost and facilities for enabling con- 
sumers to benefit by its use, and however keenly 
British people may respond to that, we shall not reap 
the full harvest unless we realize that every obstacle 
and prejudice can and should be removed at the earliest 
moment. Unless the public can be convinced that 
electricity is a servant that can be simply and safely 
employed, and that no expert knowledge is required 
in the handling of appliances, progress will be sluggish. 
That convenient and popular person ''the man in the 
street," and the equally popular and perhaps more 
important person ' the woman in the house," must be 
convinced that they can ease their labours and add 
to their comfort without acquiring any technical know- 
ledge of electricity. 

We get our lesson from the amazing popularity of 
wireless apparatus. Here, by reducing complicated 
electrical apparatus to simple forms such as can be 
controlled by pressing the button, so to speak, wireless 
broadcasting has become a domestic joy that soon will 
be universal. As long as electrical apparatus is in a 
form which makes it regarded as such, so long will 
there be nervousness on the part of potential users to 
adopt it. Simplicity of control is an essential in any- 
thing produced for the home or factory. 

I suggest that in the design of some electrical house- 
hold appliances there has been too great a tendency 
to adapt existing forms rather than produce something 
in which the advantages of electricity would be fully 
used. Without going into detail and merely leaving 
this a suggestion, let me again instance cooking 
apparatus, which has chiefly been adapted from forms 
where coal or wood fuel and afterwards coal gas was 
utilized. There has been a failure to “think elec- 
trically," and instead of designing an appliance around 
the electrical unit, the process is reversed and an 
unsuitable combination has been produced which is 
uneconomic and still maintains the faults of coal and 
gas heating. I am aware that some manufacturers 
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have put forward special patterns, but my remarks 
are intended to apply generally. Appliances placed on 
the market should be so designed that breakdown and 
delay should be practically impossible. However 
efficient and ingenious it may be, if apparatus cannot 
be maintained so that it cannot be immediately put 
in action when a simple part fails, then public confidence 
will not be gained and assured. 

This Institution should investigate the question of 
absolute interchangeability of all parts of essential 
apparatus, and the development of standardization of 
parts. I believe I am right in recalling that as far 
back as 1902 this Institution, in conjunction with the 
Institution of Civil Engineers, formed a committee to 
consider the advisability of standardization of certain 
items, chiefly connected with engineering, and reports 
have from time to time been issued. This standardiza- 
tion has become recognized as essential in most indus- 
tries, and has been highly beneficial, but it should not 
be left at such a stage as main engineering plant. Let 
us go further into detail and explore the possibikty of 
standard factory small appliances and household 
equipment. 

I am open to conviction, but I can find no serious 
attempt being made to remedy the chaos which exists 
when we look for standard heating elements, standard 
plugs, standard sockets, standard fuses and other 
replacement parts. The present system whereby each 
manufacturer produces an article without regard to 
the pattern of another, may be considered by them to 
be profitable and sound from their own business stand- 
point, and I do not desire to dictate what their 
policy should be, but looking at the question from 
the stand-point of a consumer — whom, above all, 
we have to consider — there seems no reason why so 
many sizes and types are necessary to produce the 
same results. 

We hope to see the day when electric power and heat 
will be in common use, and prices of necessary equip- 
ment such that it will be within the reach of all to 
purchase it. 

If it were possible for the energy of manufacturers 
to be directed to pooling their resources to producing 
either parts or complete apparatus of some standard 
design, we should be able to meet the anticipated 
demand and use our British labour and materials, and 
not rely upon foreign markets. 

Many times as a nation we have realized too late 
that individual action has not been satisfactory when 
foreign competition has had to be faced. We are 
reminded of that by the recent huge combination of 
firms in the chemical industry. Such action with mass 
production would obviously lower the production costs 
and greatly reduce the large stocks which have to be 
carried, with the consequent release of a large proportion 
of locked-up capital. Provided standardized articles 
were obtainable at a reasonable cost, with replacements 
easily to be had and fixed without skilled labour, there 
should be a great demand and resulting stimulus to 
trade. There would also be, I am sure, a further 
demand from consumers for articles of modified types, 
with what I term “luxury ” finish and pattern to suit 
their particular tastes and fancies. 


(3) LABOUR AND APPRENTICES. 

“ Electricity for everybody " is a great ideal, but it 
will bring vast responsibilities. There will be a great 
demand for skilled labour, and already we are suffering 
from the lack of it. Steps must be taken early to 
train an adequate proportion of our youth to deal 
with the big increase of electrical work that will arise 
in the near future. 

As an employer of labour and apprentices, I propose 
to devote a considerable portion of my address to this 
most important subject—the training of engineering 
apprentices from their early schooldays. 

The electrical contracting industry has insufficient 
skilled labour at its disposal, and I should very much 
like to see the system of apprenticeship and technical 
training improved. It is a very difficult problem 
indeed, for, in general, the higher-grade schools and 
other similar educational establishments do not instil 
into the minds of their pupils the virtues and rewards 
that come from skilled manual labour, but aim rather 
to produce youths who are anxious to avoid working 
with their hands. The inevitable result is that the 
minor clerical professions are overladen with applicants 
for work, and skilled labour is neglected. 

Where in our technical schools do we find the greatest 
rewards in the form of scholarships, degrees and prizes ? 
Are there any available to those who show skill, clean- 
liness and speed in making a joint, installing a battery, 
repairing an armature, or similar instances of practical 
skill? A little is done, I know, but the majority of 
the prizes are given to those who can pass certain 
theoretical examinations and become Bachelors of 
Science, or holders of other degrees. They obtain such 
prizes, to a very large extent, not because they are the 
boys with the best characters, but largely because they 
livd in a better environment than many of their less 
fortunate schoolfellows. " 

Manual labour, I submit, can uplift character in a 
youth as much as, if not more than, any other form 
of work. My experience has proved to me quite 
clearly that the apprentice who is always ready and 
willing to take on a hard job is the boy with the greatest 
character, and character in the individual is reflected 
in the stability of a nation. Surely Britain to-day 
needs, above all, to be reminded of the dignity of honest 
manual labour and the need for intensified work on 
production. 

It is, of course, impossible to draw a strict line of 
demarcation between manual labour and technical 
knowledge. They are inseparable. I think that more 
attention should be given to really sound practical 
training, and many boys would be better armed for 
their future careers if they had a more perfect know- 
ledge of the use of a soldering iron instead of a scanty 
knowledge of a slide rule. 

The prevalent system of apprenticeship is full of 
grave defects. I should like to see our Institution 
inaugurate some scheme for assisting parents and 
schoolmasters who are desirous of getting boys placed 
in our industry. There is so much sound advice that 
we could give. At present many boys are sent as 
apprentices into the contracting industry under con- 
ditions which can only be described as appalling. 
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Many of the contracts under which boys are engaged 
are to my mind nothing less than fraudulent. A boy's 
parents pay premiums to employers who regard such 
amounts merely as a definite increase in their capital 
and profits. Little or no regard is paid to the teaching 
of the boy. It will be agreed that such practices are 
monstrous ; such employers should be drastically dealt 
with by law. We want more boys. There is plenty 
of good work for them to do, but we shall not get them 
until the difficulties and abuses I have mentioned have 
been removed. 

During recent years many papers have been read in 
various parts of the country on the training of engineers, 
involving discussions on the periods of time to be 
spent in the workshops and in technical colleges, but 
the tendency has been to neglect consideration of the 
preliminary or elementary education of the prospective 
apprentice. 

In order that really good skilled artisans may be 
trained, close consideration must be given to the whole 
of a lad’s education and practical training. 

In the preliminary training of our youths there has 
been, in some quarters, a tendency to specialize at too 
early an age. If we desire to produce the man who 
will be of greatest service in the industry, it is of vital 
importance to develop the mind of the student evenly, 
so as to obtain the balance of mind which is essential in 
a man of judgment. Great effort should be made with 
the object of providing a more prolonged general educa- 
tion, and especially of avoiding the error of discarding 
subjects which do not appear to be intimately connected 
with the lad’s future career. We must remember that a 
high building requires a wide, as well as a deep, foundation. 

Elementary education in itself which ceases at the 
age of 14 cannot turn out boys fit for the skilled labour 
market, and probably does not claim to do so. 

Even though a certain amount of manual instruction 
in woodwork and in metal work may be given side by 
side with the ordinary class work so that his hand and 
eye may be trained, and the lad learns by doing 
things, his education has not yet fitted him to take 
his place in the workshops. 

Some advance has undoubtedly been made by the 
development of higher-grade and secondary schools, 
but in nearly all cases the latter type do not supply 
the necessary instruction to prepare lads for training 
in the workshops. 

It is anticipated that the further development of 
junior day technical schools will help to fill the gap 
between the elementary education and the commence- 
ment of apprenticeship. 

In the higher classes of elementary schools the boy 
can with advantage be given some instruction in 
elementary science and the fundamentals of technical 
drawing, and then at 12 or 13 years of age he would 
be ready to enter a junior day technical school, which 
would occupy his whole time until the commencement 
of his apprenticeship. His education could be con- 
tinued in practical mathematics, mechanics, drawing, 
science, literature and manual training, and he could 
also, by means of organized games and the other 

functions common to the secondary schools, develop 
qualities of diligence, self-reliance and initiative. In 


the school workshops and laboratories he should receive 
instruction from technical experts who have had actual 
workshop training and experience, and who have also 
received some training in the methods of teaching. 

Appreciation of the reasons why a thing should be 
done will often suggest to the broadly trained mind 
the means and method of doing it, whereas the person 
who has had a more narrow training and only knows 
how the thing should be done may fail to recognize 
and appreciate points which bear strongly, though 
indirectly, on the subject with which he is dealing. 

Tact, good sense and strong nerves, which are some 
of the most important qualities for any engineer, can 
be very much helped by wise training, and the extent 
to which these have been acquired cannot be proved 
until later in life. 

The ideals which a boy forms whilst at school have a 
great etfect on him in later life, and I suggest that 
teachers can do an enormous amount of good by 
planting seeds of ambition and by showing that there 
are fœv good positions which cannot be attained by a 
lad who possesses the necessary determination and 
perseverance to capture them. When a boy becomes 
apprenticed we should not let him give up his education 
and simplv become a man handling tools; that would 
do an enormous amount of harm. 

Most people will agree that the two worst years of 
an apprentice are the years from 14 to 16. A boy 
who has left the elementarv school and thinks he is 
thoroughly educated is anxious to drop all study and 
never thinks of school. If, however, the boy has been 
trained on the lines I suggest, then on entering his 
apprenticeship he will be in a fit state to appreciate 
and profit by his practical instruction, and would be 
able to follow in an intelligent manner the reasons for 
the various operations and processes of his chosen trade. 

It has been suggested in many quarters that the 
ideal apprenticeship is one in which the practical 
training in the workshops and the theoretical training 
or scholastic instruction at various classes progress 
side by side by means of a sandwich system. This 
has been adopted with a great measure of success by 
the Admiralty, H.M. Dockvards and by artificer 
establishments, by the Royal Air Force and by several 
well-known firms such as, I believe, the British Westing- 
house Co., Messrs. Armstrong-Whitworth, and the 
Austin and Daimler motor-car firms, etc., by means 
of technical schools in conjunction with the works, 
special staffs being employed to give the necessary 
lectures and laboratory instructions and to correlate 
the work of the shops and the class-rooms. 

Again in some districts—particularly, I believe, South 
Wales and the North-East Coast—the local employers 
allow and even encourage their apprentices to attend 
Classes at the local technical school or college by day, 
in some cases for 6-monthly periods and in other cases 
for 2 or 3 davs or half-days each week, the time spent 
at the classes being allowed to count for their appren- 
ticeship. These schemes could probably be still further 
developed in all parts of the country to the advantage 
of all concerned. 

Of course it is sometimes stated that if the educational 
facilities are increased too much then the apprentices 
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do not appreciate them fully, and that it is in the best 
interests of all concerned to allow lads to attend evening 
classes. Some educationists tell us that this is funda- 
mentally wrong, that after a hard day's work in the 
shops the lads are neither physically nor mentally 
capable of deriving much benefit from their evening- 
class lectures, and, further, that such a system makes 
great demands on the vitality of the apprentice. As 
an off-set to this, one can point to large numbers of 
successful engineers whose electrical training was 
obtained wholly by their efforts in the evening. 

But we must surely consider mainly the efficient 
training of the majority and not the few, and provide 
facilities such that our artisans are trained to have an 
intelligent interest in all their undertakings, and to 
appreciate the advantages that would undoubtedly be 
gained by the community as a whole from improved 
workmanship, modern methods of production, and the 
use of up-to-date machinery and appliances. 

Whether the instructions at the technical schools and 
colleges be given by day or evening, I would suggest that 
there is room for closer co-operation between employers, 
teachers and employees in deciding upon the courses, 
subjects and methods of instruction. We should each 
and all derive considerable benefit from such discussions. 

The apprentice should continue his study of mathe- 
matics, drawing and engineering science for at least 
one year, and then a series of alternative courses should 
be available to meet the requirements of the differing 
tvpes of apprentices. Some would undoubtedly wish 
to continue to study the theoretical and scientific side 
of their profession, whilst others, equally as important, 
would continue to study the more practical side. 

It must be remembered that the highly scientific 
designer and the practical forceful foreman require 
exceedingly different training and qualifications. 

Facilities should be given for systematic courses, 
including such subjects as modern workshop practices 
and processes, estimating and costing, design, power 
generation, the history of engineering progress and 
economics. If more attention were given to the last- 
named subject without political bias, then the future 
artisan would have a better idea of the difficulties 
which have to be met and overcome by the employers, 
and the whole industrial atmosphere would be clearer 
and would be permeated with a spirit of hope and joy 
instead of drudgery and boredom. 

The absence in some technical schools and colleges 
of the consideration of costs of production should 
be rectified. If we look back to our own pupilage, 
how often can we remember a drawing, or a proposed 
lay-out, criticized directly from the point of view of 
cost? Ease of manipulation is usually considered to 
have an indirect effect on cost, but the importance of 
cost, purely as cost, has not always made the influence 
on the mind of the draughtsman or foreman to the 
extent it should, and the attention of students should 
be especially drawn to this important subject. 

The course of instruction would necessarily extend 
over the whole period of apprenticeship if taken during 
the evenings, since it is not wise to allow a student to 
attend classes on more than three evenings per week, 
and we should probably find that larger numbers would 


be anxious to continue to attend lectures after the 
completion of their apprenticeship. 

Even with such schemes in operation at the technical 
schools a great deal still remains to be done in the 
workshops by careful supervision of the apprentices 
by some competent person, who not only is a fully 
skilled craftsman but can and does understand lads. 

No apprentice should be kept for indefinite periods 
on any particular type of job, but he should at frequent 
intervals be given a change and put on different types 
of work, so that he may obtain a fairly wide experience. 

It should be considered not only a privilege but the 
duty of every employer to give each boy a fair chance 
of showing what he could make of himself. To move 
the lad from one type of work to another, and to vary 
his work systematically during the apprenticeship, will 
continually stir up his enthusiasm and bring out the 
best in him. The employer will get better service 
during the whole time and have the satisfaction of 
feeling that he has turned out a good all-round workman 
who will prove himself to be a valuable citizen. 

It wil always be found that some apprentices take 
more kindly to some sections of their work than others, 
and they should certainly not be allowed merely to 
feel their way along. 

These remarks concerning the educational training 
necessary for our apprentices would, I feel, be incom- 
plete without some reference to the development of 
the University of the South-West. We are glad and 
proud of the developments which are taking place, and 
we hope that good progress will be made, and that we 
shall very shortly be able to point with pride to our 
engineering colleges of the University of the South- 
West, and also to the beneficial effects of the training 
received there. 

It must be realized that the present and future 
apprentices have many advantages as compared with 
the former youths of the district, and they should be 
encouraged to grasp the facilities which are and will 
be available. In this connection, however, I should 
like to give one word of warning. It is to be hoped 
that, in the development of the so-called academic 
side of the college training of an engineering student, 
and the provision of full-time courses of study for 
engineering degrees, the facilities for the tcchnical 
education of the majority of the youths on lines similar to 
those indicated above will not be impaired but improved. 

I feel that, in view of the future great developments 
contemplated, this subject of training cannot be unduly 
stressed, and I am sure the points raised will have the 
sympathetic consideration of all having the handling 
and great responsibility of apprentices who are to 
be the engineers of future years. 


(4) THE BENEVOLENT FUND. 


Finally, repeating the request for support made by 
my predecessors, I ask your very material sympathy 
for the Benevolent Fund of this Institution. The 
Western Centre has always had this part of the Institu- 
tion’s work well to the front, but at no period of its 
existence was the Fund so inadequate and in need as 
it is to-day to meet the very real and growing necessities 
continually arising. 
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] By WirrRID L. WINNING, Member. 


"STANDARDIZATION AND QUANTITY PRODUCTION OF ELECTRICAL APPARATUS." 


(Address delivered at GLascow, 9th November, 1926.) 


The three phases through which the commercial and 
industrial life of this country has been passing during 
the past 12 years are, of course, well known to everyone. 
First, there was the period of the war—a period of 
strenuous exertion and of success in the face of mon- 
strous difficulties ; secondly, the madness of 1919-20, 
when reconstruction abroad and the newly-released 
commercial life at home caused an unprecedented rush 
of business—and, unfortunately, caused also a rise in 
prices out of all proportion to the steady, and com- 
paratively justifiable, rise during the war years, and, 
more unfortunately still, led all classes of the community 
to act as though the good times would last indefinitely ; 
and thirdly, the slump from which we have not yet 
recovered. These three phases are quite distinct, but, 
so far as the second and third are concerned, they 
would seem, in the light of the smaller-scale instances 
provided by history, to have been inevitable. 

Now, bad as the conditions have been for all of us, 
we electrical engineers can congratulate ourselves that 
the state of our industry has been a comparatively 
happy one during the lean years which have followed 
the boom period ; and it may be interesting, and not 
unprofitable, to examine the cause or causes. I am 
aware that in displaying a tempered optimism, and 
in making claims of progress under difficult circum- 
stances, I am courting the inevitable comparison with 
the United States—the consumption of electricity per 
head of population is so many times greater in that 
country than at home, the annual increase of con- 
sumption in America is more than our total annual 
output, and so on. Such a comparison is as unfair 
as it is facile. One should not, for example, compare, 
to the condemnation of the shopkeeper's wares or 
business ability, the sale of sweetmeats per head of 
women in, say, Paisley during 1920 with that in a 
mining area during the coal strike; neither can there 
be a reasonable comparison between electrical sales in 
a country whose coffers are overflowing, and in one 
which may be too poor at the moment to afford ultimate 
economies. 

To begin with, then, it must not be forgotten that, 
before the first of the three phases referred to, the use 
of electricity was already making assured progress and 
that signs were not wanting even then that some, at 
least, of our dreams would be realized. The war itself 
gave a fillip to the application of our products in many 
directions. Necessity did in a year or two what peaceful 
persuasion would probably have taken many years to 
accomplish. The reorganization, by manufacturers in 


other trades, of existing plants with a view to efficient 
production, and the laying down of new plant to the 
same end, became, not the vision of a few people, 
but an essential need of the nation. Electrical pro- 
gress during that period, however, was rightly confined 
to those trades which were engaged upon the production 
of war material. The period 1919-20 found a rapid 
expansion in other directions. The so-called luxury 
trades—again with the object of increased production— 
demanded the electrification of their factories, and, 
through the enthusiastic work of central station 
engineers, coupled with the enterprise of manufacturers 
of electrical apparatus, the domestic load increased 
enormously. The lean years came, but with them an 
increased demand for electricity for domestic purposes. 
Electricity in the home had become a necessity ; the 
gas exponents had practically given up the fight—as 
they were bound to do sooner or later—where street, 
shop and house lighting was concerned. All that is 
reasonable enough ; but it still leaves unaccounted for 
the fact that even in bad times the electrification of 
workshops and mills has continued to a remarkable 
extent. This, too, is capable of a reasonable explana- 
tion. 

Given equal financial stability, it soon became evident 
that those concerns which had electrified were in a 
better position than the others to secure a share of the 
restricted volume of business which offered. Manu- 
facturers found it a matter of life and death that they 
should produce upon the most economical basis, and 
those who had not made the change-over turned to 
electricity as a means of commercial salvation. “This— 
although, like all healthy competitive trading, it had 
its origin in selfishness—resulted, I am sure, in con- 
siderable benefit to an impoverished nation. Affairs 
commercial and financial were, and are, very delicately 
balanced. The saving of 10 per cent in the cost of 
production decided, and decides, not only whether a 
particular concern will secure or lose an order but 
whether the order shall be placed at all. The higher 
efficiency provided by electrical drive, therefore, has 
frequently had a direct bearing upon national and 
world-wide progress. 

Now, if the electrical industry has provided for others 
the means to an end, it has to look to its own production 
costs to enable it to do so. That delicately-poised 
state of the commercial world to which I have referred 
has rendered this a necessity. The concern which 
proposes to electrify must be provided with apparatus 
of high efficiency and reliability at low cost. The 
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electrical designer and works organizer have had to 
scheme and contrive with these ends in view. The 
designer has been confronted, not only with the task 
of producing electrical machinery and control apparatus 
which will give the required results in a technically satis- 
factory manner, but with that of producing equally 
good or better results from apparatus which by its 
design enables the works manager to take advantage 
of every improvement in factory methods which he 
can learn or devise. This collaboration of designer 
and production engineer has resulted in standardization 
and " quantity production ” of electrical apparatus, to 
the benefit of the buyer and the fostering of trade. 

Do not let my use of the expression '' quantity 
production " be misunderstood. We do not want the 
electrical manufacturer to say '' Here is the /ast word 
in electrical design," but we are gratified that he is 
able to say '' Here is the /atest word in electrical design, 
so satisfactory that in a given size an electrical motor, 
or piece of control gear built to this pattern, is the 
best possible proposition for 99 per cent of the available 
jobs." Standardization to this extent is now adopted 
by every responsible manufacturer. Jigs and tools are 
prepared at heavy initial cost, and the parts of, say, a 
5 h.p., a 10 h.p., or a 50 h.p. motor, are made in hun- 
dreds, many of them upon automatic machines. Take, for 
example, a slip-ring motor. An order is passed to the 
shops; it is possible to draw the following parts from 
stock :—Stator frame, with core slotted for, say, 4-, 
6-, 8-, 10- or 12-pole winding, end brackets and bearings, 
rotor, complete with shaft and core, slip-rings mounted 
on hub, brush-lifting and short-circuiting gear, slip-ring 
cover, and terminal box. The processes which remain 
to be carried out at the time the order is received, 
therefore, consist only of winding, impregnating, 
assembling and testing. All this reacts in favour of 
the buyer, and to the encouragement of trade, in two 
directions, namely, the cheapening of the cost by 
quantity production and the shortening of the time 
required for delivery. The movement towards the 
Standardization of electric supply allows the manu- 
facturer to go a step further, and it is now possible 
for him to stock complete machines and control gear 
for the more common pressures. 

It is interesting to examine the effect of standardiza- 
tion upon the buyer’s arrangements in respect of drive. 
Not so very long ago the question of speed was one 
which was almost always decided by the user or his 
consulting engineer, except in the case of motors for 
direct coupling. In the latter case speeds were fixed 
by the makers of the driven machine in a manner 
which played havoc with any attempt at standardization 
on the part of the motor manufacturer. One centrifugal 
pump manufacturer, for instance, would demand a speed 
of, say, 1 210 r.p.m., declaring that he could run at that 
sped only, whilst another insisted upon 1 425 r.p.m. 
for the same duty. The definite relation of a.c. motor 
speeds to the periodicity of the supply was one of the 
bugbears of the early days of the alternating-current 
revival, and yet that very limitation has in the end 
operated in favour of quantity production and to the 
benefit alike of the electrical manufacturer and of the 
user of his products. To continue with our example 


of the centrifugal pump, the increased use of alternating 
current has led to the adoption of a speed of about 
1440 r.p.m. as a standard, permitting the electrical 
manufacturer to concentrate upon 4 and 2 poles for 
50- and 25-period supplies respectively. The adoption 
of this speed, forced upon both industries by the 
limitation referred to, has led, incidentally, to a 
standardization upon the part of the pump manu- 
facturers which would not otherwise have been attained 
Similarly, it was the custom of general buyers to specify 
all sorts of odd speeds to suit their driving arrangements. 
The development of a.c. supply has necessitated certain 
definite speeds in the motor unit, and drives are now 
designed with these speeds in view. For 50 periods 
the range is fairly extensive—]1 440, 960, 720, 580, 
485 r.p.m., and so on—and the arrangement of a drive 
to suit one of these speeds is not, generally speaking, 
more expensive than a haphazard selection would be. 

In alternating current the standardization of speeds 
has, therefore, been forced upon the manufacturer, and 
it has remained for him to standardize in the matters 
of output and constructional details. In outputs he 
has selected certain horse-powers, and offers these and 
no others at ordinary prices; but, at the same time 
he has so designed his motors that his efficiency and 
power-factor curves are comparatively flat from full 
load to, say, two-thirds of full load. Supposing, there- 
fore, that a buyer requires 27 b.h.p. for a particular 
drive, the motor manufacturer, having standardized 
upon 25 and 30 b.h.p., offers the latter. Its efficiency 
and power factor at 27 b.h.p. are, to all intents and 
purposes, the same as those of a machine specially 
designed for the output, whilst its cost, owing to con- 
centration of manufacture upon a comparaiively few 
outputs, is actuallv lower than would be that of a machine 
built for the intermediate output. 

In constructional details the electrical manufacturer 
has, as I have suggested, had before him two ideals— 
reliable service and economical manufacturing pro- 
cesses—and if he has an efficient staff and an efficient 
plant he has attained these ideals to the highest extent. 
permitted by the degree of knowledge at present 
available. A departure from standard at the instance 
of the buyer increases the cost in several ways. To. 
begin with, there is extra expense in design or drawing 
offices, or both. Patterns may have to be made. The 
parts have to be put through the shops specially, 
involving the setting-up of tools for a '' one-off ” job,. 
the amount expended in this direction being, obviously, 
a hundred times as much as that involved upon each 
standard motor or other article when a hundred parts 
are manufactured at one setting. In addition there 
is the interference with the flow of standard work 
through the factory. This last, if calculated, would 
prove to be a heavy item, increasing, for a particular 
duty, the cost of a machine or piece of apparatus out 
of all proportion to that of the maker's standard article 
for a similar duty. This charge, of course, is calculable, 
but only by the employment of brains which can well 
be engaged in another direction. I think that some 
manufacturers add an increased percentage for overhead 
charges upon special work—the increase being more 
or less hypothetical, and probably below the mark—. 
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whilst others merely average their overhead charges 
and add the same percentage to special as to standard 
work. The latter process operates, as will readily be 
seen, In a manner detrimental to the selling price of 
the standard article. Suppose that of every £100 
expended as works cost, £80 represents the value of 
standard products and £20 that of “ specials.” Now 
assume that the actual '' on cost " expenses in respect 
of standard products are 100 per cent and in respect 
of specials 200 per cent: the amount to be added to 
the £80 covering standard products is £80, and to the 
£20 covering ''specials," £40, giving a total of £120. 
The proportion to be added to the total works cost of 
£100 is therefore 120 per cent; but if the manufacturer 
is working upon the '' average ” system the net result 
is that standard products are bearing 20 per cent more 
in the way of added charges than they should, and 
“ specials " 80 per cent less than they should. Which- 
ever method is adopted—that of enhancing the charges 
to be added to the cost of special work or that of 
averaging upon the whole of the output—the actual 
results of a year's trading, assuming full output from 
the factory, are governed by the proportion of standard 
and special work undertaken during that period. If, 
for instance, of every £100 expended in works cost it 
should be found that special work represented £30 and 
standard £70, then the overall “ on cost” would be 
130 per cent. Allthis is leaving out the very important 
consideration of interference with standard production, 
and it is reasonable to assume that if a factory laid 
out primarily for standard production requires 100 per 
cent “ on cost” charges if all its output is standard 
work, it will require more than that percentage upon 
standard work if its output of standard products falls 
to 70 per cent by the intrusion of 30 per cent of 
“ specials." The figure of 130 per cent would further 
be increased for this reason. 

Again, in those departments of a factory which are 
devoted to the completion of quantity production jobs, 
“ progress " is a very important item. Suppose that 
when the winding of a number of motors is half com- 
pleted the customer gives instructions to suspend work 
because he may find it necessary to change his original 
intentions in certain particulars: the suspension of 
that particular order bas a very considerable effect 
upon the winding programme. The logical procedure 
is to bring all other orders forward, and to let them 
benefit accordingly in the matter of delivery. Actually 
the procedure is not so simple. It may be impossible, 
for instance, to bring other orders forward to fil the 
gap because the material for their manufacture is not 
available, although it will be on the spot at the time 
their manufacture should actually begin. Suppose, 
however, that it has bcen possible to fill the gap satis- 
factorily and that the suspension is removed three days 
after it was imposed. The customer expects that the 
original delivery period will be increased by only three 
days, yet it may be quite impossible to put on one 
side immediately the work which has been brought 
forward and to change over to the original job. One 
manager whom I know, holds the view that in such 
a case the full delivery period should be held to 
commence from the removal of the suspension, and not 


from the date at which the order was originally booked, 
and there is a good deal to be said for the contention. 

While upon the subject of delivery I should like to 
put in another word for the manufacturer. Why do 
so many people take, let us say, six months to build 
a factory, three months to equip it mechanically, and 
then want all electrical gear built and installed in three 
weeks? If we could only persuade them to make their 
plans sufficiently far ahead to order the electrical gear 
at the beginning, the work of those responsible for the 
arrangement of '' progress ” in electrical factories would 
be greatly simplified. 

I have mentioned the consulting engineer. I have 
no quarrel with him: his experience in the application 
of electrical gear has been, and is, invaluable to buyer 
and manufacturer alike. He has discovered for the 
latter new fields to conquer, and in many instances 
has pointed the way to victory. Iam not sure, however, 
that when he specifies manufacturing details—such, for 
instance, as the size of a bearing or the precise com- 
position of coil insulation—he quite realizes what may 
be involved in the way of factory disorganization and 
in increased cost, not only to the particular customer 
but ultimately to consumers generally. I would suggest 
that, where ordinary industrial applications are con- 
cerned, he should content himself with the specification 
of powers, speeds, methods of drive and position of 
plant. There was a time, perhaps, when manufacture 
was very much a rule-of-thumb affair, and when 
scientific knowledge was in the heads of the consulting 
engineers and not (with one or two brilliant exceptions) 
in those of the manufacturers. That time is past. 
The stafís of all high-class electrical manufacturing 
concerns embrace men of very high scientific attainments, 
who, with their own reputations and those of their 
companies at stake, are not likely to allow any piece 
of apparatus to be turned out which will not be 
thoroughly suitable for its job, both as regards immediate 
performance and reasonably long life. The consulting 
engineer, therefore, if he has at heart not only the 
interests of his client (which, very properly, are his 
first consideration) but the welfare of the industry by 
which he lives, will confine himself to the specification 
of duties and performance, and by inspection and tests 
will see that his client is getting what he has demanded 
in these respects, and what the manufacturer has 
offered in thc matter of constructional details. The 
consulting engineer can always demand that a detailed 
specification be sent with each tender, and, if there 
is any tender by a manufacturer to whose standard 
practice he is definitely opposed, that tender can be 
ruled out. Of course, I am aware that an impasse 
may be reached if the consulting engineer should find 
himself in disagreement with the practice of all tenderers, 
but I am inclined to think that in such an event the 
consultant should be reminded of the Irish soldier who 
complained that the rest of the regiment was out of 
step ! 

1 do not want it to be thought, from all I have said 
about standardization and quantity production, that 
manufacturers of electrical gear have reached a cut- 
and-dried policy as regards design and manufacture. 
Every up-to-date factory is continually experimenting, 
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and any detail which, on the one hand, improves the 
performance of the machine or apparatus without 
unduly enhancing the cost, or, on the other, reduces 
the cost without detracting from the performance, is 
promptly embodied in the design. There are some 
cases where a considerable increase in cost may be 
justified. Take, for example, mining electrical gear. 
The Board of Trade has not been too clear or helpful 
in specifying its requirements in this respect; the 
interpretation of its rules might well be widely different 
in the minds of its own individual inspectors. Manu- 
facturers have taken matters largely into their own 
hands. They realized long ago that if electricity below- 
ground were to take its place to anything like the full 
extent, they had to satisfy, as regards reliability and 
freedom from accident, not only the Board of Trade 
and its inspectors, but, above all, the mine managers 
and engineers themselves. By a careful study of actual 
requirements underground, and by continual experi- 
ments both in the factories and in Government testing- 
stations, they have evolved types of electrical gear 
for mining work which are very different from those 
which at one time were offered (and looked at askance) 
for use underground, and different again from those 
which are offered, and are quite suitable, for ordinary 
industrial purposes. Evolution, in this instance, has 
often meant more expensive designs, but the policy of 
the industry has been justified by the readiness of the 
mining people to avail themselves of the advantages 
of electricity when the apparatus provided reliability 
and almost absolute safety. The arrival at what, for 
the lack of a better description, I may call “ temporary 
perfection " in mining gear, and the continually 
increasing. demand, have enabled manufacturers to 
standardize, so that the cost of even these comparatively 
expensive designs shows a tendency to decline. 

It is of the greatest importance that there should be 
a continuance of the reduction in cost of what I have 
alluded to as comparatively expensive gear. The 
mining industry has, of late, been prominent in the 
minds of all, and it is a platitude that, for the sake 
of that industry itself and of all others dependent upon 
it, the cost of coal-getting must be reduced. One of 
the means by which that end can be attained is the 
increased and scientific use of electricity. But, again, 
it must be possible for the purchasing parties to be 
able to afford mow what will undoubtedly be an ultimate 
economy : the reorganization of the mining industry 
which, most people are agreed, is bound to be accom- 
plished from without or within, will involve that 
increased use of electricity, provided there is a fulfilment 
of the condition indicated. It seems to me, therefore, 
that it is for the electrical manufacturer, taking his 
courage in both hands, to anticipate the increased 
demand and to fix his prices of mining gear upon the 
assumption of quantity production. By these means 
he will be fulfilling what, at the present juncture, seems 
to be peculiarly his mission, namely, to make things 
smooth for other industries and at the same time pave 
the way to a lucrative turn-over in this particular 
branch of his activities. 

I am also fully aware that there are many classes 
of electrical machinery and apparatus which, by their 


size or special applications, preclude standardization— 
large rolling-mill or winding motors and control gear, 
machines for wireless transmission or experiment, to 
take one or two instances at random. Work of this 
kind—which is bound to increase as electrical progress 
continues—must be dealt with separately without 
interference with standard lines. Its cost must not 
bear any direct relation to those of '' quantity " pro- 
ductions. If, in this address, I have laid stress upon 
the latter it is because I believe that, while it will 
always be the business of the industry to undertake 
efüciently and enthusiastically the provision of com- 
paratively special apparatus, its main mission will be 
the provision of '' bread-and-butter"' lines. In the 
domestic field, standardization is obviously essential. 
Industrially, electricity should be, more than ever, the 
hand-maiden ; and if it is to be that, it must, as I have 
endeavoured to show, provide thoroughly reliable plant 
at prices which will enable the other industries to bear 
the immediate financial burden and which will, un- 
questionably, help towards eventual economies. 

So far, I have confined my remarks to the prospects 
of the industry at home. Britain is, and must continue 
to be, a manufacturing country: I cannot conceive of 
its making a living by any other means. The industries 
of the country must export their manufactures to pay 
for the imports which we are bound to receive. But 
as the first business of the electrical trade must be to 
assist the other industries to carrv out this work, the 
backbone of our particular industry will, for a long time 
ahead, be in the home market. Here, so far as electrical 
machinery and corresponding switchgear are concerned, 
we have an almost clear field; the import of these 
goods is practically negligible. Our task, therefore, is 
to improve production and cheapen prices, not to meet 
foreign competition in our own particular line but to 
help other industries to do so in theirs. I am not 
suggesting, however, that our own export trade should 
be neglected. Competition abroad is extremely severe 
—so much so that British manufacturers resort to the 
theory and practice of ''dumping"' at a time when 
the first essential, namely a full home demand, does 
not exist. I do not propose to enter here into the ethics 
of the question, nor to express an opinion as to whether 
it ought to be possible for the foreigner to buy our 
products at a cheaper rate than the buyer at home. 
Obviously, however, if ' quantity " manufacture on 
scientific lines will cheapen the production of our wares 
at home, we shall be in a better position to meet com- 
petition abroad. 

To sum up, I have endeavoured to show that, almost 
alone amongst British industries, the electrical trade 
has benefited by all three phases of the past 12 years. 
The war taught the world (including ourselves) what 
it could do; the '' peace" permitted an extension of 
our operations into avenues which were closed by the 
war but which, except for the latter, might have 
remained unexplored for many years; the “slump” 
called us in as an absolute necessity. I hope and believe 
that a fourth phase is to follow, a phase which will be 
unlike each of the other three. It will, I think, provide 
sufficient work for all of us, but only at the restricted 
prices which will be rendered permissible by a steady 
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output upon standardized lines. The condition of 
delicate financial poise will continue, and it will only 
be by the operation of restricted prices that buyers in 
other industries will be able to take full advantage of 
electrical economies. It is always dangerous to 
prophesy, but that, as I see it, is what we may expect. 
If the trend of events is as I anticipate, it will be our 
business to keep down costs by every means in our 
power, consistent with reliable work, but particularly 
by quantity production upon standardized lines. Buyers 
and their engineers, on their part, will be able to help 
themselves and us by accepting the electrical manu- 
facturers' standard products, resting assured that these 
will be the best that can be turned out, having regard 
to both of the two important factors—reliability and 
low cost. By these means the steady flow of work to 
which I have alluded will be assured, to the benefit 
alike of the electrical industry and of British manu- 
factures generally. 

So far my address has dealt with '' standardization ” 
only so far as electrical manufacturers' works are con- 
cerned; but I should like now to refer briefly to a 
much larger and more important ''standardization."' 
In touching on this one has to take a wider view, viz. 
that it is very desirable, and even essential, that articles 


in common use and produced by many factories should 
be made to a standard specification. We therefore 
cordially welcome and highly appreciate the work of 
the British. Engineering Standards Association which, 
after careful consideration, has produced these speci- 
fications which are now receiving the recognition they 
undoubtedly deserve. 

Going still further, and reviewing the chaotic con- 
ditions under which electricity supply is being given 
in this.country at the present time, will not the 
standardization of supply voltage and frequency be 
for the benefit of manufacturer, supply undertaking 
and consumer? It is satisfactory to know that work 
is being done in this direction also. The economics of 
standardization of frequency may be a debatable 
question, and one which I do not wish to enter into 
here, except to venture the opinion that in this, as in 
many other matters, a long view must be taken, and 
its effect considered not only in this but in future 
generations. As a principle, everyone will agree that 
itis correct. The Electricity Bill now before Parliament 
includes standardization of frequency as part of its 
scheme, and the arguments in favour of its adoption 
are exactly the same as those I have used in regard 
to factory production. 
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By W. R. Cooper, Associate Member. 


(ABSTRACT of Address delivered at MIDDLESBROUSH, 18th October, 1926.) 


I propose this evening to touch on the progress of the 
past year as there have been so many events of import- 
ance in the electrical world during that period. 

To commence with the most important step, I think 
it will be agreed that the Government’s Electricity 
Bill holds that position as far as we, as electrical engi- 
neers, are concerned, and this Bill has been the cause of 
considerable controversy. 

As the most eminent of our electrical engineers are 
not agreed as to the merits of the Bill, it would be 
presumptuous on my part to express a definite opinion. 
Judging by letters to the electrical Press, it appears 
that the writers agree in one point, and that is that 
the Government would have been better advised had 
they first consulted the principal Committees of the 
Institution. I also think that it will be generally 
agreed that the principles of the Bill are beyond 
criticism, i.e. that if it could be done efficiently it would 
be a splendid thing for the country and every industry 
if the rural districts could be supplied with the great 
advantages and conveniences of electric heat, power 
and light; but as we have not yet reached the stage of 


progress when electrical energy can be transmitted by 
wireless, there are considerable difficulties to be over- 
come before all farms and country villages can be 
supplied from the main electrical distributing systems. 
In spite of all the criticisms levelled against the Bill, 
there is no doubt that it is a great advance upon its 
predecessors. 

If the difficulties in regard to networks can be over- 
come, as no doubt they will, the farmers, as consumers, 
should provide a very acceptable load for the supply 
undertakings as it would have the effect of appreciably 
improving the load factor, and the consumption should 
be considerable, especially if the farmers adopt the 
excellent advice and example of Mr. Borlase Matthews. 

In this country the advances in the science of the 
transmission of electricity have been significant but 
less spectacular than in other countries. This is par- 
tialy due to the reasonably wide distribution of the 
coal-fields and to the early growth of the large number 
of steam power-stations, each serving its own limuted 
area according to its own specific needs. Unfortunately 
this has led to a serious diversity in the type of frequency 
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and voltage employed, consequently the desirabilitv for 
interconnection is discounted by the difficulty attending 
its achievement. 

In the United States the transmission voltages have 
been gradually increasing, and in California two trans- 
mission lines have recently been put into commission 
at a pressure of 220000 volts. In the United States 
and Canada there are now not less than 30 000 miles of 
circuit operated at 110000 volts or over, all of which 
have been put into commission since 1910. 


The British Electrical Development Association and ' 


other similar associations of the electrical industry are 
at present launching a campaign which has for its 
object the advertisement of the merits of electricity. 
I think we can all agree that the object is very praise- 
worthy, but the good work that is being done in this 
connection is sometimes not as fruitful in results as it 
might be, due to the apathy of some supply under- 
takings. It appears to me that in some cases the 
electricity supply companies make a mistake in supply- 
ing town councils, who own their own gasworks, with 
electricity in bulk. The result of this is that the town 
councils, who have always been accustomed to gas for 
light, heat and power, are rather prejudiced against 
electricity and are not disposed to spend any more 
money in encouraging an increase of consumers. They 
are not interested, as we are, in the development of 
electricity, and know that the more electric units that 
are sold, the less gas will be sold in proportion. In 
fact, they would not have had the cables laid for elec- 
tricity had they not been practically forced to do so 
by the ratepayers. The result is that no inducements 
are offered to new consumers and the tariffs remain as 
high as possible, thereby causing dissatisfied consumers, 
who tell their friends that electricity is very expensive 
and advise them not to have it installed. However, 
in spite of all this discouragement, new consumers keep 
coming on the systems, proving how popular electricity 
is beconing. It would, however, I suggest, be better if 
electricity supply undertakings would put down their 
own substations and networks. Then it would be to 
everybody’s advantage to encourage the application 
of electricity, by canvassing and adopting advantageous 
tariffs and installing slot meters, which are a great 
attraction to many people. Shop-window lighting after 
closing-hours might also be encouraged by the use of 
time switches so that a lower rate per unit is charged 
for advertising signs and shop-window lighting during 
such times as the shops are closed. This would also 
have the effect of improving the load factor. 

As the ultimate aim and ideal of electrical supply 
engineers is to have a steady and regular load for 24 
hours per day and seven days per week, the campaigns 
of the Electrical Development Association and the 
Electric Lamp Manufacturers’ Association should do a 
great deal of good. 

Another way of attracting new consumers, which 
might be adopted by a progressive supply undertaking 
that is not at the same time the owner of the local 
gasworks, would be the adoption of one of the numerous 
assisted wiring schemes. These appear to have been 
already tried with marked success in over 25 towns 
and seem to be very popular. In Hampstead alone 


over 1 000 applications were received after the system 
had been in use for 18 months, and at Gillingham, Kent, 
1200 applications were received in 10 months. To 
many people of small means the system is very attrac- 
tive as the first cost of having a house properly and 
satisfactorily wired is rather more than they care to 
spend in a lump sum, but if it can be paid bv adding a 
trifle to the cost of each unit the extra expense is not 
felt, and it is on this basis with slight modifications that 
the assisted wiring schemes are operated. An abstract 
from the Annual Report of the South Shields Electricity 
Supply Department reads as follows : '' The outstanding 
feature of the year is without doubt the introduction of 
the assisted wiring scheme, under which 7105 new 
consumers were added up to the 31st March, 1926, 
resulting in a sale of 203 030 additional units, producing 
a revenue of £5 498. The phenomenal success of this 
scheme has attracted the attention of nearly all electricity 
supplv authorities throughout the United Kingdom, and 
has been most favourably commented on by the tech- 
nical Press." Assisted wiring schemes have proved the 
most successful argument against the “initial cost " 
objection, and the success with which these schemes have 
met tends to show that generally most people are of the 
opinion that electricity as a medium for heating, lighting 
and power is definitely superior to any other. A typical 
example of an assisted wiring scheme is as follows: If 
the cost of installation does not exceed £3, to take the 
smallest case, the weekly payment is at the rate of 
ls. 6d. per week, to be completely paid off in 40 weeks. 
If the installation costs £14, it would be paid off in 50 
weeks at 6s. per week. A scale would be drawn up for 
wiring installations of various sizes. 

The next most important event has been the coal 
strike and, although it can hardly be called an event of 
progress, it has shown what an advantage electricity 
has over gas, in that electrical power stations can be 
interconnected, thus allowing the load to be evenly 
distributed. 

The general strike, also arising out of the coal strike, 
again showed the utility of electricity. As practically 
no newspapers could be printed or distributed and false 
rumours were beginning to spread rapidly, the Govern- 
ment very wisely transmitted the latest and most 
reliable news to every town and village in the British 
Isles by means of radio t. lephony. The broadcasting 
of reliable news by wireless, added to the efforts of the 
army of willing volunteers, soon brought the general 
strike to an inglorious end. 

It cannot be denied that the coal strike has been a 
tremendous set-back to the progress of industry, but the 
outlook is, in my opinion, not quite as bad as some 
people appear to think. In the first place, there is not 
likely to be another strike of such magnitude, as the 
men will always think of the hardships of 1926 and 
hesitate before striking again. Then again, although we 
have certainly lost some of our export markcts, the same 
thing occurred during the war of 1914-18, but we re- 
gained the greater portion of them and expanded them 
to a considerable extent. This is particularly true of 
the electrical industry, and, with the exception of the 
home demand of Germany and the United States, nearly 


all the tramway and heavy traction work of the world 


64 . COOPER: TEES-SIDE SUB-CENTRE: CHAIRMAN’S ADDRESS. 


has been done by British firms since the war. British 
manufacturers have proved themselves almost supreme 
so far as railway plant is concerned, especially in such 
countries as South Africa, India, Australia, Brazil, 
France, Holland, South America, Japan, Canada, New 
Zealand, and Morocco, where we practically hold the 
monopoly. I think that when the present strike obstacle 
is removed and the miners are allowed to return to work, 
there will be a boom in industry and especially as regards 
electrical machinery. In this we can hold our own 
against all competition, and the only thing to fear is 
that we may not be fully prepared to meet the abnormal 
demand. 

In connection with wireless we might consider for a 
few minutes the great progress that has been made in 
this latest branch of the electrical industry. The British 
Broadcasting Company have just inaugurated a new 
range of wave-lengths and, as the wave-length of our 
nearest broadcasting station is being changed from 400 
to 300 m, the present nuisance of morse code interference 
will not be so apparent, as most ships’ morse operates 
somewhere around 600 m. At the end of this year the 
Government takes over the broadcasting from the 
B.B.C. It is too early to say what the result of this 
move will be, but we all hope it will not mean more red- 
tape and officials and less satisfaction than has been 
given us by the B.B.C. who, although they could not be 
expected to please everybody, have certainly provided 
programmes from which we could all choose some part 
which we enjoyed. 

As the greatest expense in connection with wireless 
sets seems to be the h.t. batteries, especially if power 
valves are used, h.t. accumulators, although rather 
expensive in first cost, are really more economical in 
the end and are being generally adopted. They do not 
give much trouble, provided they are of good make and 
are not neglected or allowed to sulphate. I should 
advise owners to have them charged at least once every 
three months as, although it might appear more expen- 
Sive at first, it would tend to lengthen the life of the 
battery. The latest device of all is the battery elimin- 
ator, which operates from the electric supply mains in 
order to dispense with the h.t. batteries and in some 
cases to take the place of the lt. accumulators also. 
In apparatus of this type the a.c. hum is rather difficult 
to overcome but it can be almost silenced by the use of 
suitable condensers except where high-frequency valves 
are used, when the hum is more difficult to overcome. 
The 1.t. accumulator is not an article of much trouble or 
expense, especially as low-consumption valves are now 
used almost universally. Bright-emitter valves are now 
almost out of date. Although there are still many 
people who believe they get better results with such 
valves, I have always found that low-temperature valves 
give the best results, expecially the latest type of valves 
which have a consumption of only 0-1 ampere. 

Where the supply is alternating current there are 
many forms of rectifiers for charging accumulators at 
home, and these are mainly very efficient. The electro- 
lytic is the cheapest type. This consists of one, two, or 
four jars of a solution of carbonate of soda or ammonium 
phosphate in which plates of aluminium and lead are 
immersed. These work quite well but are rather 


troublesome and messy as the liquid is inclined to 
become hot. Another type is the vibrating-armature 
type. This has the disadvantage that it is difficult to 
adjust and is sometimes objectionably noisy. Another 
rectifier, which employs a thermionic valve, is perhaps 
one of the best types and is almost silent except for a 
slight hum from the transformer. The rotary converter 
is one of the most efficient types of charging plant, but 
again the noise is the principal objection. Taking 
everything into consideration the valve type of rectifier 
has most to recommend it, but even this type has the 
disadvantage that the life of the valve is limited and the 
valve itself is rather expensive. Although we are often 
told that wireless telephony is only in its infancy and 
several people are delaying the installation of a wireless 
set until it is perfect, I think we can all agree that anyone 
who has not a wireless set is missing one of the greatest 
and cheapest benefits that science and civilization have 
produced. This remark applies especially to country 
districts. No one who has not stayed in remote country 
districts can have any idea of the difference which the 
wireless set has made in the life of the countryside. The 
old-time cottager had only a dim perception of the world 
beyond his narrow vision. To-day the voices of prince 
and statesman speak to him in his own cottage and he 
is becoming increasingly educated in every branch of 
science, art and literature, English and foreign, without 
realizing that he is being taught. 

In electro-therapeutics, or electricity applied to the 
medical profession, the use of various kinds of electricity 
has become almost indispensable, and the application 
is made in various ways. The best-known in use is the 
ordinary medical coil which gives an electric shock to 
the nervous system. This was the first system to be 
put into use, but its popularity is rapidly waning as so 
many other methods seem to be much more eifective. 
The high-frequency or violet-ray apparatus is in use for 
many nervous disorders and is claimed to be useful for 
promoting the growth of hair. Ultra-violet rays are 
used very extensively as a substitute for the health- 
giving rays of natural sunlight. In hospitals and 
schools in poor districts it is claimed that this synthetic 
sunlight has produced very great cures among rickety, 
delicate and ill-nourished children. 

The electric diathermy treatment is a method whereby 
a fairly heavy current of from 5 to 2 amperes is passed 
through the body. As the current is at high frequency 
no sensation of shock is felt, but only a gradual warming 
up of the limbs which lie in the nearest path between 
the two electrodes or pads. After about 15 minutes’ 
treatment the patient becomes uncomfortably hot, but 
great care has to be taken to see that good contact is 
made between the electrode pads and the patient's flesh, 
otherwise arcing is set up, causing severe burns. This 
treatment is used principally for sciatica and rheumatism. 
Another electrical treatment for sciatica, neuralgia and 
other nervous diseases is known as cataphoresis or 
ionization, whereby electrolysis is utilized to deposit 
electrolytically a drug or chemical exactly at the seat 
of pain in cases where it is not easy to get a drug to the 
proper locality by swallowing it. For example, take 
gout, which is caused by uric acid in the toe joints. 
To neutralize the uric acid salicylic ionization is used. 
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If the drug were taken internally, three months might 
elapse before it reached the feet through the system, 
but by utilizing suitable apparatus consisting of a direct- 
current battery with one electrode round the waist and 
another applied to the affected joint, with a milliammeter 
in circuit and rheostat to control the flow, quite an 
appreciable amount of the drug can be actually deposited 
exactly at the seat of pain. This process seems to me 
to be the most practical of all the electrical remedies as 
it is one which we can follow in theory as well as in 
practice and the process is analogous to electro-plating 
or the electro-deposition of any other metal. 

A further process in electro-therapeutics is Dr. 
Bergonie’s treatment for obesity or corpulence. This 
condition is generally considered by the medical pro- 
fession to be a disease and is treated as such, but it is 
one which is very difficult to cure. Dr. Bergonie claims 
to be able to cure it by his electrical treatment, which 
consists essentially in the employment of electricity 
in order to provoke a general exercise or stimulation of 
the muscles of the body towards a general therapeutic 
end. The exercise consists of the muscles being con- 
tracted by electrical stimulation some hundred times 
per minute, the aim being exercise without fatigue—a 
desideratum which has long been sought and which will 
be admitted to be of the greatest therapeutic value. 

In the domestic world electricity is rapidly gaining 
favour over gas. In some cases consumers get an idea 
that electricity is expensive. This is sometimes due to 
unscrupulous or ignorant contractors putting 100-watt 
lamps in small rooms or selling electric fires for plugging 
into lamp-holders so that the power is charged for at 
the lighting rate. Electric radiators have the great 
advantage over gas fires that the former may be placed 
in any part of the room at will, whereas gas fires must 
be placed in such a position that the poisonous fumes 
can escape up the chimney. 

Vacuum cleaners, hair dryers, washing machines, 
fans, etc., cannot yet be operated by gas, so that in this 
field electricity holds the monopoly. As regards large 
power uses, there is a slump of gas engines in the market 
at the present time owing to so many gas-engine owners 
installing electric motors when they find what benefits 
these give, such as variable speed, flexibility of power, 
and simplicity of starting up. 

Thermal-storage systems are also growing in popu- 
larity in some districts where inducements are offered. 
The new premises of the Newcastle Electric Supply Co. at 
Newcastle are, I understand, being installed with one of 
these systems, and in due course we may hope to obtain 
Some information from this source. 

To turn to the opposite extreme, there have been 
several novel electric refrigerators on the market re- 
cently. To all those who have to keep food for some 
days a refrigerator is an absolute necessity, and in addi- 
tion the use of preservative chemicals can be dispensed 
with. The refrigerator compartment being at a tem- 
perature below 50? F., in addition to being the most 
ideal for food storage can also be used as a store-room 
for furs and delicate fabrics as it is a reliable protection 


against the ravages of moths and other insects. One | 
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system on the market consists simply of a refrigerating 
compressor driven by a small electric motor. The 
ammonia, or whatever chemical is used as a refrigerant, 
and the apparatus itself, are contained in hermetically 
sealed enclosures. Another process which has recently 
appeared on the market requires no electrical power to 
drive it but is operated by applying heat in the form of 
an electrical resistance element. This process seems to 
be simplicity itself as it depends on the principles of 
gravity, thermo-syphon and convection currents. All 
the chemicals are in hermetically sealed tubes and 
vessels and once the heat is applied and cold water 
turned on for circulation the process goes on indefinitely. 

Although refrigerators are used to prevent food from 
going bad through the action of bacteria by reducing 
the temperature to a point at which germs are rendered 
inactive, the most effective method of destroying germs 
is the use of ozone, the production of which also depends 
on the use of electricity. The apparatus consists usually 
of an inner chamber of sheet copper or aluminium 
connected to the high-tension side of a transformer, and 
of an outer metal cylinder connected to the casing of the 
ozonizer and maintained at zero potential. The two 
cylinders are separated by an annular glass tube through 
which the air is passed, and the silent electric discharge 
which takes place produces condensation of the oxygen 
to ozone in the annular air space between the two sheets 
of metal. Alternating current is employed at a fre- 
quency of about 60 cycles per sec., and the best pressure 
is found to be between 10 000 and 12000 volts. The 
ozonized air thus produced is used for bleaching purposes, 
for the sterilization of air and food, for the acceleration 
of the drying and hardening processes in paints and 
varnishes, and the rapid oxidation of oils. 

The increased demand for aluminium and its alloys 
in the domestic arts and industries has compensated 
for the decreased demand after the war. In the electrical 
trade aluminium is used for transmission lines, busbars, 
field coils and armature windings and also for various 
parts of motor-cars. It is produced by an electrolytic 
process from the mineral bauxite, and the increased 
demand has led to several fresh deposits of this mineral 
being discovered and worked. It has been found to be, 
much more widely distributed than was supposed. 

The manufacture of carborundum and calcium carbide 
in the electric furnace has not expanded a great deal 
during the year under review although the demand for 
carbide is increasing due to its use in the cyanamide 
process for the fixation of atmospheric nitrogen. The 
cyanamide is a combination of carbide and nitrogen and 
is a most valuable fertilizer. According to a recent 
estimate, 900 000 tons of calcium cyanamide are now 
being manufactured yearly, more than half of this total 
being produced in Germany. 

There are several other processes in electro-chemistry 
and electro-metallurgy. These would, however, take 
up too much time to dwell upon, so I have just chosen 
one or two of the most important and as the electrical 
industry is split up into such a large number of different 
branches I must make this my excuse for the variegated 
and assorted nature of this address. 
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EAST MIDLAND SUB-CENTRE: CHAIRMAN’S ADDRESS 


By A. Brookes, M.Eng., Member. 


(ABSTRACT of Address delivered at LOUGHBOROUGH, 5th October, 1926.) 


The primary function of a chairman’s address at 
the opening meeting of the session is to provide food 
for thought for members of all branches of the industry. 
To this end I propose, in preference to dealing with the 
electrical industry in general, to describe something of 
what has been done in a section of one branch of the 
industry. 

At the birth of our Institution in 1871, under the 
title of ‘‘ The Society of Telegraph Engineers," tele- 
graphy was the only practical application of electricity, 
to be followed five years later by the telephone. At 
the end of 1925, the total capital involved in electrical 
undertakings in the United Kingdom was approxi- 
mately £750 millions, including that sunk in municipal 
undertakings, and £5 000 millions in the United States. 
Electrical engineering can, therefore, be classed as one 
of our primary industries. 

Turning to the branch with which I am particularly 
interested, ie. telephony, the capital involved in this 
industry amounts to approximately £1 500 millions, of 
which £105 millions 1s invested in the United Kingdom, 
inclusive of the national capital invested by the British 
Post Office, and approximately £600 millions in the 
United States. 

According to the most recent authentic compilation 
of statistics, there were over 26 million telephones in 
use on the Ist January, 1925, of which number 62 per 
cent were in the United States, i.e. more than twice 
as many as in Europe, with four times its population. 
The increase during 1924 amounted to 1 590 000 tele- 
phones throughout the world, which is equivalent to 
6-5 per cent. 

The telephone development of various countries is tabu- 
lated on page 67 and a perusal of the last two columns 
of the table will show the development in number of 
telephones in proportion to the population. Europe, 
as a whole, has only one-tenth of the telephone density 
of the United States, so that there should be ample scope 
for future development here. The utility of the tele- 
phone increases as the telephone density becomes greater, 
which is shown by the fact that the number of telephone 
conversations per capita for 1924 was 190 in the United 
States, 105 in Sweden, 48 in Australia and 23 in Great 
Britain, with 14-2, 6-9, 4-7 and 2-8 telephones per 
100 of the population respectively. 

The British P.O. estimates for this year allowed for 
a capital expenditure of £11 720 000 on telephones and 
exchange equipment, according to a statement made 
by the Postmaster-General in the House of Commons 
in July last. The actual money value of the contracts 
placed, however, may, for the time being, possibly 
be restricted on account of the heavy expenditure 


involved by the coal strike. This procedure would 
be an unfortunate one, not only for manufacturing 
concerns, but also for the well-being of the country asa 
whole, because it means that money would be diverted 
to an uneconomical and non-productive channel. 

Telephone intercommunication includes the switching 
through of one instrument to anv desired one of a 
number of others, and in a large community com- 
plexities arise which involve considerable difficulties 
before they are successfully overcome. 

A telephone exchange, whatever the magnitude, 
whether handling 2 lines or 30 000 lines, is equipped 
with some form of switchboard or other device on which 
are collected the terminating arrangements for the in- 
strument lines and some means of interconnecting 
these, controlled either by manual or automatic agency. 

Briefly, the general requirements of the exchange 
switching arrangement are :— 


To receive the call. 

To enable the operator, or automatic devices, to be 
connected to the calling instrument so as to ascer- 
tain the particulars of the desired call. 

To interconnect the calling line to that of the desired 
line. 

To ring up the latter. 

To give an engaged test on both lines at every portion 
of the switchboard, or at all other switches which 
may have access to either line, and so prevent 
interference or confusion. 

If the called subscriber answers, to switch on the 
conversation circuit, or— 

To give an indication back to the caller if the desired 
line is engaged or out of order. 

To receive the clearing signal at the completion of 
conversation. 

To register the call against the caller, or collect or 
return fees from call boxes. 

To clear all circuits and mechanisms to normal at 
completion. 


In large municipal telephone exchanges the principle 
of multiple working is almost invariably adopted. The 
total number of subscribers, say 15 000, is divided up 
into groups of, say, 100, allocated to various operators' 
positions around the switchboard. This means that 
there will be 150 operators handling 100 subscribers 
each, and of course a call incoming from any particular 
subscriber will occur at one definite position of the 
switchboard. The operator here, however, must have 
the facility for directly connecting, by means of cords, 
this subscriber to any one of the 15 000 subscribers on 
the board. Consequently the ful complement of 
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15000 jacks are fitted over every three operators’ 
positions, it being possible for each operator to reach 
over the positions on either side of her. 

At an automatic exchange there are two principal 
mechanisms, the rotary switch and the step-by-step 
selector switch. The rotary switch has wipers which 
pass over the bank contacts at the rate of 60 sets of 
contacts per second, and which allow any specific 
circuit connected to the wipers to have a choice of 25 
other circuits as desired. Generally, this switch is used 
in practice to run round until it finds a particular 
circuit. 

The step-by-step mechanism used for selector switches 
has a rotary and vertical step-by-step motion and is 


it, this current is broken a number of times correspond- 
ing to the number dialled. This gives the desired 
number of impulses, but how is the exchange apparatus 
able to distinguish between the trains of impulses 
given, with more than one actuation of the dial and no 
switching at the instrument ? For example, how are 
two breaks followed by three breaks made to find the 
third contact in the second row and not jump the switch 
to the fifth row ? This is done by controlling the circuits 
with slow-release relays which do not fall back during the 
impulsing. Such relays are extremely useful, and have 
heavy copper slugs fitted to them so that the armature 
is maintained in the actuated position during quick 
breaks and makes of the current such as are given 


Telephone Development of Large and Small Communities at lst January, 1925.* 


Country porated by| In communities In communities In communities In communities 
(see Note) of 100 000 of less than of 100 000 of less than 
population 100 000 population 100 000 
and over population and over population 

Australia G 199 228 137 0501 7-6 | 4.2 
Austria G 100 477 44 664 4-9 1-0 
Belgium G 87 304 49 550 3:8 0-9 
Canada s PG 416 689 655 765 19-3 9-3 
Czechoslovakia G 35 535 80 203 3-8 0:6 
Denmark PG 119 078 188 899 15:9 7-1 
France G 331 704 328 423 5:3 1-0 
Germany  .. G 1 270 646 1 114 531 8-1 2-4 
Great Britain and Northern Ireland? G 930 766 363 231 3-9 1-7 
Hungary  .. G 52 447 26 165 4-5 0-4 
Italy (June 30, 1923) PG 80 406 62 197 1-5 0-2 
Japan (March 31, 1925) G 290 352 254 081 3:7 0-5 
Netherlands G 107 289 95 579 5-6 1-8 
New Zealand (March 31, 1925) G 35 553 84 544 8-5 8-8 
Norway (June 30, zn PG 36 908 131 610 13-9 5-3 
Polandf PG 53 320 66 665 2-6 0-3 
Sweden o G 151 278 267 040 19-38 5-1 
Switzerland PIN x. io T - G 64 693 124 736 11-3 3-7 
United States ae is ne pn b P 7 352 826 8 719 932 19-1 .11:6 


Note.—P indicates telephone service o 
Prepared by Eni ae 
1 March 3 


arranged for 10 rows of 10 or 11 sets of contacts per 
row. If, say, 7 electrical impulses are given to the 
Switch then it will step up to the seventh row, and if 
the circuit is then switched on to the rotary electro- 
magnet and, say, 5 impulses given, the wipers will 
reach the fifth set of contacts in this row, namely, 
they will connect to the 75th set of contacts. Two 
trains of impulses (up to 10) will therefore give any 
desired contact of the hundred handled by this par- 
ticular switch. 

The impulses are received from the subscriber's 
instrument by the operation of the dial mechanism. 
On taking the receiver off the hook or the hand set 
from the cradle, current passes from the exchange via 
the line and, after pulling the dial round and releasing 


Number of telephones Telephones per 100 population 


* Partly estimated. 


ram Mg pee companies, G by the Government, and PG by both private companii and the Government. 
vision of the American Telephone and Telegraph Co. ; 


§ The majority of this development is due to Stockholm. 


during the return of the dial, but it falls back if the 
current is broken (via the back contacts of a relay) for 
a period such as between two dialling operations. 

It is easy to visualize the switching for a 100-line 
exchange if every subscriber could have one of these 
expensive step-by-step selector switches. It is assumed, 
however, that it is unlikely for more than 10 subscribers 
to wish to converse at the same time, so that each sub- 
scriber is given a relatively inexpensive line switch but 
only 10 selectors are used, which are commoned up at 
the contacts of the line switches. If, when a subscriber 
calls, three of the selectors are already engaged, his 
line switch will pass over the three sets of contacts 
connected to such selectors and will stop on the fourth 
set, thus finding a disengaged selector which then 
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deals with the two trains of impulses dialled up. This 
principle of, say, a 10 per cent basis of apparatus saves 
enormously in the cost of an automatic equipment. 

On automatic systems there must be uniformity in 
the numbering scheme. Any particular installation 
must have its subscribers numbered with the same 
number of digits. A three-figure, or 1 000-line, exchange 
has numbers between 100 and 999 only, ie. it is a 
900-line exchange. If two figures only were dialled on 
a three-figure exchange, the switches would wait for the 
third digit, or the call would be held up in the switches. 

Immediately the receiver is taken from the switch 
hook the line switch passes the call through to a dis- 
engaged selector of a group of 10, which handles the 
first or hundreds digit. When this is dialled the selector 
jumps to the corresponding row, say the fifth with 6 
impulses dialled, and the slow-release relay then switches 
over to the rotary magnet and, in a similar manner to 
that of the line switch, the selector wipers immediately 
run into the bank contacts and find a disengaged selector 
handling the last two digits. 

The final selector always handles two digits, whereas 
the previous ones, i.e. the group selectors, only handle 
one. 

In any large area it is economical to install several 
exchanges in order to minimize the cost of line plant. 
This necessitates intercommunications between the 
subscribers on one exchange and every subscriber on 
all the other exchanges, by means of special junction 
lines between them. 

For small communities, such as Nottingham and 
Leicester, the junction problem is relatively simple. If 
the total number of subscribers in the community does 
not exceed 9 000, then the various exchanges can be 
found from the levels of a first group selector by allo- 
cating to each exchange a particular range of numbers 
corresponding to the thousand's digit. For example, 
exchange "A," a 4000-line exchange, would have 
subscribers numbered from 1 000 to 4 999 ; exchange 
“B”, a 2000-line exchange, would have allocated to 
it numbers 5000 to 6 999; whereas exchange “C”, 
a 1000-line exchange, would have numbers "7 000 to 
7999. Additional first selectors are used at each 
exchange so that if any subscriber dials, say, ''7," 
his selector would step to the 7th row and connect to 
the junction line outgoing to exchange “C”. 

A similar scheme can be utilized for a group of ex- 
changes up to a 5-figure system, i.e. up to 100 000 lines. 
Beyond this, however, the complexities involved reach 
enormous magnitudes, and the problem for large net- 
works such as the London area is very greatly increased 
by the fact that it is impossible to have a clean cut. 
One cannot frame a policy that automatic systems 
will be used throughout London and then at once make 
obsolete all existing exchanges and instruments and 
start up with automatics. Exchanges of various 
types and ages, magneto and common battery, must 
be gradually cut over, but this process will take 10 or 
15 years to complete. As a consequence, arrangements 
must be made for interconnecting automatics to auto- 
matics, automatics to manuals, manuals to automatics 
and manuals to manuals. 

There are three important schemes for handling these 


large networks, the director system of the Automatic 
Electric Co., as will be used in London, the panel system 
of the Standard Telephones and Cables Co., and the 
revertive impulse control register system of the Ericsson 
Co., Stockholm. 

Dr. Fleming has stated that the design of modern 
automatic telephone systems represents ''the high- 
water mark of human creative power," whilst Col. 
Purves stated in his recent paper before the Institution 
that such a system as above mentioned “includes a 
multitude of electrical circuits of great complexity. 
It is the product of many wonderful brains, and its 
rapid development and installation are the outcome 
of probably the greatest engineering eftort so far made 
in any field of industrial endeavour.” 

It is desired to give, within a period of, say, 10 seconds, 
full and rapid connection between any one of 250 000 
subscribers with any other on whatever exchange such 
may be. 

The numbering scheme is first made consistent 
throughout the area and consists of 7 digits. The first 
3 digits are used to find the exchange and, consequently, 
for convenience can be the first three letters of such, 
whilst the last 4 digits give the subscriber's number on 
the exchange. Each exchange in the network is there- 
fore restricted to four figures, i.e. to 9 000 lines. There 
may be 130 such exchanges in the London area. 

An exchange, ' A," may be connected to another 
exchange, '' B," by a direct junction line-group A-B, 
whilst B may be connected to exchange C by a direct 
junction line-group B-C. If, however, the traffic 
between A and C is not sufficient to necessitate a direct 
junction line, then a subscriber on exchange A may 
reach a subscriber on exchange C over two disengaged 
junction lines from the groups A-D, B-C. In the 
London area, such use of junctions will be carried out 
up to a maximum of six links. 

The telephone dircctories must be consistent through- 
out all districts so that any particular subscriber such 
as ' SAVoy 5218, Bailey, F., & Sons, 31, Friar Lane," 
wil be given by the calling subscriber on a manual 
exchange to the operator verbally, as '' SAVOY 5218," 
whilst on an automatic exchange “SAV 5218 " will be 
dialled. | 

The operation of the dial for S.A.V. will give three 
definite trains of impulses, 7, 2 and 8, to the exchange 
switches, and the primary function of the director is to 
route correctly such a call through the various junctions 
until the Savoy exchange is reached, after which the 
subscriber's number 5218 is received by the Savoy 
exchange switches, and the desired subscriber is then 
found in the normal manner. 

The director must, therefore, collect the trains of 
impulses from the subscriber, namely 7.2.8.5.2.1. and 
8, store them and translate the first three trains into a 
new series of trains of impulses corresponding to the 
junction lines it is desired to find. 

If a subscriber at the Savoy exchange “ F” dialled 
' S. A.V." the call would be retained in the exchange and 
the director would translate “ S.A.V.” into, say, 6, 
the level corresponding to its own switches, bnt if 
a subscriber at exchange “ E” dialled '' S.A.V.” and 
a direct junction, say No. 3, existed between these 
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exchanges, then the director would translate “S.A.V.” 
into “ 3.” If, however, a subscriber at exchange “ A" 
dialled “ S. A.V." and the junction route was via four 
other exchanges over junctions A-B, B-C, C-D, D-E 
and E-F, say Nos. 3, 2, 4, 1 and 2 respectively, then 
the director must translate S.A.V. into five trains of 
impulses 3, 2, 4, 1 and 2, which are passed out from 
the director. In practice, the requisite translation is 
obtained from the second and third digits only, namely 
the A and V, whilst the first digit '' S ” is utilized to find 
a disengaged director handling the various exchanges 
commencing with the letters P, R, or S, corresponding 
to the seventh finger-hole of the dial. 

In the hypothetical case last stated, the subscriber 
at exchange A, on taking his receiver from the switch- 
hook would be connected, by means of his line switch, 
through to a disengaged first code switch and hence to 
an ‘‘ A” finder which rotates to find a disengaged 
switch (" A" switch), which handles the first impulse. 
The dial tone is sent out to the subscriber who then 
commences to dial. The first train, S, or 7 impulses, 
is received by the “ A” switch which steps to the 
seventh level, and then runs into the bank contacts to 
find a disengaged director ‘‘ BC " switch of the 10 con- 
nected to this level. The second and third trains, 
“A.V.” or “ 2.8," are received and stored by the ' BC" 
switch stepping to the second level and into the eighth 
contacts of such level. 

The ‘‘ BC ” switch is therefore set to a definite position 
depending upon the received impulses in the second and 
third trains, and, having 6 wipers and 6 sets of contacts, 
the 6 circuits corresponding to these can be connected 
permanently to the necessary links or junctions (in this 
case 3, 2, 4, 1, 2 and 0) through which it is necessary 
to travel to reach the dialled exchange '' SAVoy." 
This translation is effected by cross-connecting at the 
translation jumper field. Here on the one side are six 
contacts connected to the bank contacts of the “ BC” 
switch, and on the other side are 10 contacts which 
control the impulses sent out, and the eleventh, termed 
the '' digit cut-off," which steps on the circuits if a less 
number of links or junctions than six is desired. By 
cross-connecting, therefore, the one side to the other 
by a prearranged plan according to the particular 
exchange dealt with, the requisite translation can be 
effected. In the case under consideration, the six 
circuits corresponding to the eighth contacts of the 
second level of the “ BC” switch are cross-connected 
to contacts 3, 2, 4, 1, 2 and the digit cut-off, and these 


impulses are transmitted from the director along the 
pulsing-out circuit. Impulse 3 steps the switch in 
exchange A to the third level and the wipers run into the 
contacts of this level, thus finding a disengaged link or 
junction No. 3 leading to exchange B. 

The second train of two impulses now operates the 
switch in exchange B, stepping it to the second level 
to find a disengaged junction to exchange C, where the 
third train of four impulses is received to find exchange 
D in a similar manner. At D the fourth train, 1, is 
received, thus finding the junction to exchange F, where 
the last train, 2, steps up the switch to find exchange F, 
SAVoy, as desired. During this period the subscriber, 
continuing his dialling, passes the desired number 
5218. . These four trains of impulses step the thousands 
hundreds, tens and units digit registers of exchange A 
director around in accordance, and, after the above- 
mentioned translated impulses have been sent out to 
find the desired exchange, these impulses are trans- 
mitted to operate the group and final selectors in the 
SAVoy exchange in the normal manner, thus finding 
the desired subscriber. 

The above represents a straightforward scheme of 
working, and the procedure is more complex when one 
or more of the intervening exchanges are manual, or 
if the junction lines are handled via a mechanical tandem 
exchange. 

An interesting point arises when an automatic sub- 
scriber dials through his own exchange to a manual 
exchange. It would be rather annoying, and possibly 
a blow to one’s self-satisfaction in having dialled the 
correct number, to obtain an operator who calmly asked 
" Number, please." To prevent this, and to speed up 
the service, special positions are fitted at the manual 
exchange having call indicators which light up and 
display the number dialled. The junction operator 
will then plug up to the desired subscriber's number 
in the ordinary manner, thus establishing the connection. 
The director, after translation, leads the call via the 
various junctions to the manual operator’s call indicator 
display panel, and a cord trunk-finder connects the 
circuit of the cord and plug handled by the operator to 
the incoming junction line. 

When it is necessary for a manual operator to actuate 
the automatic switches, either in her own exchange or 
in another exchange, she operates a series of keys 


situated in the keyboard, this arrangement being 
faster than dialling, although performing the same 
function. 
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THE POSSIBILITIES OF DEVELOPMENT IN THE USE OF 
ELECTRIC POWER. 


I propose to take a general survey of what in my view 
are important features in the development of the applica- 
tion of electricity. The outstanding recent event, of 
course, both in the interests of our industry and of the 
community as a whole, has been the Electricity Bill. 
What can we hope from this ? Guidance of what might 
accrue can be obtained by the study of statistics of 
the development that has already taken place outside 
this country. As some may not have seen these 
illuminating figures, attention is drawn to the com- 
parisons between Great Britain and the United States. 

In Great Britain the amount of electrical energy 
from main power-supply stations consumed per head of 
population is only 110 units, and even if a generous 
allowance is made for privately-owned generating 
sets it is estimated that it would not exceed 200 if these 
were included. In comparison with this, in what is 
known as the East North States of America, consisting 
of the States of Indiana, Illinois (in which Chicago, 
which has a consumption of 1000 units per head is 
situated), Ohio, Michigan and Wisconsin, which has an 
area of about 248 000 square miles and a population 
of 22 millions, the consumption per head is 800 units, 
or four times that per head of Great Britain, and this 
in spite of the fact that Great Britain is so much more 
densely populated, being only 88 745 square miles in 
area and having a population of about 43 millions. 
I would also emphasize that this difference is not due, 
as is so often stated, to the greater hydro-electric 
facilities possessed by America. In Illinois (area 
56 000 square miles and population 6 millions}, where 
the units generated are practically the same as those 
in Great Britain, of a total of 4640 millions only 5 per 
cent are from hydro-electric stations, the remainder 
being from fuel stations. From these statistics can be 
deduced what advance is possible if electricity supply 
is developed fully as a result of this legislation, as the 
conditions in these States are similar to those in Great 
Britain. 

Every thinking man, and especially an electrical 
engineer, having these actual figures before him, mus* 
realize the wonderful possibilities of development of 
electricity supply in our little island with its dense 
population. I suggest that if the possibilities as a 
result of the Electricity Bill are studied from the 
broadest point of view, all members of this Institution 
will be spurred to put forward their best efforts to ensure 
that the maximum benefits are obtained. 

Of course the application of legislation of this magni- 
tude can hardly be expected to satisfy everybody's 
views or meet the requirements of all vested interests, 


but as in a general way it is technically sound it is 
suggested that we must all endeavour to suppress what 
I suppose is one of the weaknesses of our mentality, 
namely, to give undue attention to the parochial view, 
and particularly to ensure that its success is not marred 
by political machinations. The technical problems are 
not by any means the greatest problems to be met. 

Obviously as a result of the legislation the duties 
of some, perhaps many, officials connected with genera- 
tion and distribution will be changed, but the officials 
so affected should not assume that those changes will 
be to an efficient man's detriment; on the contrary, 
if the consumption of electricity per head of population 
increases in similar proportion to that of the States 
mentioned previously, every efficient engineer at present 
in the industry must have greater scope, whether he 
be at present a manager or a junior official. 

The natural development of supply of power to a 
greater area by bulk electricity supply naturally means 
that power will be available outside the present con- 
gested suburban areas. This will enable industriaiists 
to establish their factories away from the large centres, 
giving the workpeople better living conditions, which 
at present in congested areas are often very bad. This 
no doubt will contribute to the removal of one of the 
causes of industrial unrest. 

During my visit to America four years ago I was 
struck with the progress made in these directions, and 
particularly the tendency for companies owning very 
large works to decentralize into smaller separate units, 
and establish them in districts away from big towns. 
If we electrical engineers fully consider these wide and 
broad possibilities, and enthusiastically push them, we 
can derive satisfaction from the fact that in addition 
to advancing our profession we are endeavouring to 
add to at least the comforts, and perhaps the pleasures, 
of many of our fellow men. 

The wide development of electricity can only fully 
succeed rapidly by a co-operative spirit within the 
industry, coupled with constructive criticism and 
suggestions. It is important to think deeply when we 
criticize the work that is to be covered by the Electricity 
Bill, and ensure that we take the broad view. 


ELECTRIC TRACTION. 


Railways.—The availability of power supply from 
an extensive system of interconnected networks must 
increase the possibilities of electrification of railways 
in Great Britain, for I see that the Ministry of Trans- 
port estimates that if all our railways were electri- 
fied they would take 4 600 million units per annum, 
equal to the present number sold in Great Britain. 
The present outstanding feature that strikes anybody 
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associated with this particular side of the industry is 

that development is going on much more rapidly outside 

Great Britain than within it, so much so that at the 
special works of one of our great electrical firms, devoted 

to the manufactur of traction motors, which had been 
working at its full output during the past two years, 

80 per cent of the total work carried out has gone to 
equip the electrified railways of Australia, South Africa, 
the Continent, Argentine, Brazil, Japan, India, etc. 
This speaks very well for the progressive spirit in these 
lands, but is also a reflection on the conservatism of 
. this country, for after all we have a population of nearly 
50 millions in this small island, with greater concentra- 
tions of people and railway traffic than most of the 
countries referred to. There is no doubt that the 
residential quarters surrounding our great cities and 
industrial areas generally could be much better served 
by electrified lines, but the work has in some cases been 
delayed on account of the capital cost involved in power 
supply. 

Again referring to the East North States of America, 
no less than 2 200 million units of electricity are used 
per year for electric railway purposes, as against 386 
million units in this country ; in other words, a popula- 
tion about one-eighth the size of ours is using seven 
times the amount of electricity for driving electric 
trains.* 

For the benefit of those who are not familiar with 
traction problems, I propose to refer briefly to some of 
the essential differences between steam and electric 
trains. The steam train is a power unit complete in 
itself, developing and making its own power, whereas 
the electric train is only a unit using power generated 
elsewhere. The former depends largely on the skill 
of its crew for operation, whereas the latter is not nearly 
so dependent on the skill of the operators. The 
advantages of electric over steam locomotives are as 
follows :— 

The driving mechanism can be more perfectly balanced 
in the electric locomotive, and the absence of pulsations 
is noticeable when riding in coaches behind the loco- 
motive, wear and tear on the track thus being avoided. 
These pulsations in the steam locomotive are due to 
the impossibility of perfectly balancing the reciprocating 
weights for all variations of speed, and are easily notice- 
able when riding behind the steam locomotive. 

The electric locomotive is not limited bv boiler 
capacity, the dimensions and weights of which for 
steam locomotives are limited by gauge, clearances, and 
strengthening of bridge structures. 

The electric locomotive has no boilers, cylinders, 
valve gear and crankshaíts, the maintenance of which 
costs approximately 114d. per mile for steam locomotives 
(as given by one railway), whereas electric locomotive 
maintenance costs only 14d. a mile. 

Turntables, fuelling plant and water supply for steam 
locomotives are not necessary for electric locomotives. 

In the case of the electric locomotive there are no 
losses due to radiation of heat, neither does it use coal 
or fuel while it is standing. 

© These figires are given by the U.S.A. Geological Survey (Power 
Resource Branch). 


+ Sir VixceNr Raven: " Electric Locomotives,’ Froveedings of the Institu- 
tion of Mechasuca! Engineers, 1922, vol. 2, p. 735. 


It takes three hours to prepare a steam engine for 
work, whereas the electric locomotive can be taken 
straight out. In addition, of course, the steam loco- 
motive requires cleaning at night. 

The electric locomotive enables a better look-out to 
be kept ahead for signals and the line generally, due to 
the absence of a boiler with its dome and chimney, and 
also to the fact that the driving position can be placed 
on either the right-hand or the left-hand side with 
equal facility. 

The driver's control handles can all be placed within 
his reach, and he can be made more comfortable and can 
be seated during the whole of a journey. The driver's 
compartment can be totally enclosed and shut off from 
all machinery without the inconvenience of being made 
too hot (owing to the absence of the fire-box). 

Tbe crew have no occasion to even soil their hands, 
and the effects of the absence of smoke and fumes can 
be seen in the tunnels on the electric railway. 

More horse-power per ton of locomotive weight can 
be obtaincd, and it must be noted that it is not necessary 
to pull a tender or take time to fill it with coal and 
water. 

On exceptionally long grades the steam locomotive 
is dependent upon the steaming capacity of the boiler, 
which is again dependent upon the fire-box and its 
grate. This condition does not apply to the electric 
locomotive, as it can be arranged to maintain the 
same speeds up the grades as on the level, with no extra 
effort from the crew. 

Two or more electric locomotives can be coupled 
together and the power combined, but they can still 
be controlled by one crew. The control for the electrical 
gear, and also the air brakes and the sanding apparatus, 
can all be coupled together and operated from the one 
driver's stand. 

Coaches can be heated by electricity which is easier 
and cleaner, and the necessary apparatus takes up less 
room and can be made less unsightly. This is now the 
practice on the whole of the Swiss railways. 

The electric locomotive can remain in service, if 
necessary, for the full 24 hours of the day and night 
without any detriment, whereas 8 or 9 hours per day 
is perhaps the average normal working day of the steam 
locomotive. 

The electric locomotive requires very little attention 
in the sheds except for general overhaul at long periods. 
The cost of maintenance is also thus reduced. 

Another feature of electric locomotives is that on 
heavy gradients the braking of the train can be effected 
when going downhill by delivering power back to the 
line, the advantages of which are as follows :—Saving 
of power; increase of life of brake blocks and tyres ; 
reduction of damage to couplings due to the smoother 
braking action ; the braking increases with the increased 
speed of the locomotive, whereas with brake blocks the 
braking effort decreases with rise of speed ; and lastly, 
there is no overheating of brake blocks or wheel tyres, 
thus avoiding the possibility of loose tyres due to 
overheating. 

Those members who are in contact with railway 
employees should impress on them that they have 
nothing to fear from the introduction of electrified 
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lines. With the present design of electrical apparatus 
there is no reason why the existing mechanical staff 
should not take over the bulk of the electrical duties. 
The apparatus is easy to understand. After a few 
simple lectures and demonstrations by competent men 
one can learn quickly what is necessary in the operation 
or driving of trains. Experts are, of course, necessary 
for instruction and supervisory purposes, but most of 
the other duties connected with the operation and 
maintenance of electric equipment can be undertaken 
by the existing staff. 

Direct-current motors give the most suitab‘e character- 
istics for driving an electric train, because of their 
better starting torque, acceleration and speed control. 
The pr sent international standard voltages for d.c. 
motors are 600, 750, 1500 and 3000 volts. These 
higher d.c. voltages have introduced new problems, 
which I am pleased to say we in this country have been 
eminently successful in solving, so much so that under 
the severest conditions of railway service the percentage 
of breakdowns is extraordinarily low, and I should say 
that we are probably turning out the best apparatus 
in the world. 

To meet the service conditions of new electrified 
lines two main problems have had to be met, namely, 
the provision of higher-powered motors than had been 
built before and the adoption of the higher voltages 
to meet the most economical transmission and running 
conditions. On account of the limitation imposed by 
the rail gauge, difficulties in design arise in accom- 
modating the extra materials due to higher-powered 
motors, and extra creeping surfaces due to the increased 
voltages. The designers have been able to obtain some 
of the necessary space by reducing the width of the 
gear face, thereby increasing the tooth pressures above 
what had previously been the general practice. For 
instance, in pre-war days a 300-h.p., 500-volt motor 
with a 6-in. gear face had a tooth pressure of 900 lb. per 
inch of face when running at its nominal 1-hour rating. 
A 300-h.p. 1 500-volt motor made recently has only a 
43-in. gear face, and the tooth pressure at its nominal 
rating is 1 500 lb. per inch of face. These increased 
tooth pressures have been made possible by the use of 
alloy steels, and most accurate machining of both motors 
and gears to ensure the best alignment for the wheels 
and pinions. 

The adoption of self or separately forced ventilated 
traction motors is another innovation. It is now 
quite usual for 2 000 cubic feet of air per minute to be 
passed through each motor. Due to the service con- 
ditions this, of course, has meant special consideration 
in the manufacture of motors, in the way of impreg- 
nation and treatment of coils and armatures to protect 
them against dusty and damp atmospheres. 

Tramways.—With regard to developments in connec- 
tion with tramway electrical apparatus, the outstanding 
advance has been the speeding up of the tramcar so 
as to increase the average speed of a journey, and the 
substitution of a motor of higher speed which gives 
a lighter weight for the same horse-power. The pre-war 
60 h.p. motor on the one-hour rating weighed approxi- 
mately 2 700 lb. complete with gear wheel, whereas the 
present-day motor with the same horse-power weighs 


1700 lb. This has been made possible by the use of 
alloy steels, hardened gears and a ventilated motor, 
which has meant improvements in insulation and im- 
pregnating materials and processes, and accurate work- 
manship. 

There is no doubt that in congested districts where 
large bodies of people have to be handled in a short 
time, the electric street car is the cheapest and best 
method of transportation. It should be borne in mind 
by advocates of the motor omnibus that if tramcars 
were abandoned in these towns, that portion of road 
maintenance and rates at present paid by the tramway 
system would have to be transferred to the general 
public through their ordinary rates, as the omnibus 
licences do not at present cover this. 

I would also point out that it is not practicable to 
compare the results of operation of municipal and 
company-owned tramways, for their basis of accounts 
is not the same. The former, in addition to providing 
for maintenance and depreciation, really purchases 
its assets by annual redemption out of revenue, i.e. if 
it were a company it would be the equivalent of pur- 
chasing back out of its revenue the whole of its capital 
for the inauguration of its undertaking. I mention 
this as it is an outstanding point which is very often 
neglected by those who are not familiar with this 
particular feature. 


INDUSTRIAL EFFICIENCY. 


One of the matters to which I am giving continual 
thought is that of industrial efficiency. I felt I must 
refer to this question as I think it cannot be ventilated 
too often. We should never criticize destructively, 
always constructively. We should study our organiza- 
tion and see that, so far as we are each individually 
able, no delays occur, remembering that time lost can 
never be made up. Let us fully realize that the essence 
of efficiency in industry is co-operation between all 
branches of that industry, be it finance, design, manu- 
facture, or distribution. No advance can be made by 
destructive criticism, whether from one section or the 
other. 

During the last few months we have passed through 
some extremely wasteful times due to strikes and lock- 
outs. I am perfectly satisfied that the bulk of em- 
ployers and workpeople cannot possibly gain by this 
procedure. An individual who creates ill-feeling cannot 
possibly be working for anybody's benefit. Further, 
it must be realized by all large bodies that to have a 
spokesman who by his own attitude antagonizes the 
people with whom he is negotiating is fundamentally 
wrong. If one wishes to appoint a man to go out to 
obtain business one does not select a man whom one 
knows would, owing to his mental attitude, antagonize 
the people whom he visits. 


THE INSTITUTION. 


I have many times heard members of thi. Institution 
ask what good the Institution is to them. I suggest 
to them that instead of putting it that way they should 
ask themselves what suggestion they can make to the 
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Committee to improve the status of the Institution, 
thus enabling it to be of more use to them personally 
and to the industry. That, I think, would be the right 
attitude. It is perhaps not fully realized what a great 
Institution this is. We have a total membership of 
over 12 000, of whom about 1 900 are full Members, 
4700 Associate Members and the remainder Graduates, 
Students and Associates. In the first place I would 
say that I am of the opinion that the qualifications and 
position of many Associate Members would entitle them 
to full membership. I suppose that those of us who are 
associated with big undertakings, companies, muni- 
cipalities or national bodies, consider that our position 
with these organizations stamps our standard in the 
electrical world. To these people I suggest that from 
lovalty to our profession and to the Institution, as being 
the representative body of electrical men, they should 
apply for the class of membership to which they are 
entitled by their qualifications and position, and thus 
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help in making each class of membership fully repre- 
sentative. - 

With regard to the Institution as an Institution, 
I would remind you that the last balance sheet disclosed 
that it has net assets of about £140 000, and an annual 
income from subscriptions of something over £30 000, 
and from other sources over £5000. This is a large 
undertaking of which we can all be justly proud. We 
should satisfy ourselves that we are doing our best 
for its advancement and improvement, and particularly 
by giving all members the advantage of knowing of 
our special work in the industry by writing papers on 
any subject that is of interest to the profession, whether 
it be research, practical application, management, 
difficulties overcome in manufacture, and operations of 
regulations and legislation, in addition to features of 
design, which is the predominant subject for papers 
and which I suppose really only interests a relatively 
small number of members of the Institution. 


CHAIRMAN’S ADDRESS 


By W. H. T. SWIRE, Associate Member. 
(ABSTRACT of Address delivered at DUNDEE, 21st October, 1926.) 


The Chancellor of the Exchequer in the late Govern- 
ment, in July, 1924, outlined the policy of the Govern- 
ment, with regard to electricity supply and sketched the 
introduction of a Bill (a) to confer further powers on the 
Electricity Commissioners with the object of securing 
co-ordination of effort and subordination of local interest 
to the national interest; (b) to carry out complete 
standardization of the frequency of alternating-current 
supplies throughout the country, to be undertaken by 
the State; (c) to grant State financial assistance to 
undertakers in respect of schemes for securing the maxi- 
mum development of main transmission systems in 
advance of immediate requirements ; and (d) to refer 
to the possibility of State assistance for some form of 
subsidiary organization constituted for the purpose of 
distributing electricity in rural areas from main trans- 
mission lines traversing such areas. 

The Commissioners were also authorized to confer 
with the Incorporated Municipal Electrical Association, 
and the Provincial Electric Supply Committee of the 
United Kingdom, as to the formulation by their con- 
stituent membérs of main transmission schemes of the 
kind referred to, and with the Cable Makers' Association 
and the British. Electrical Development Association 
as to the constitution of a distribution and, if necessary, 
a house-wiring organization for the development of rural 
supplies in accordance with two trial schemes, the outlines 
of which had been prepared by the Commissioners. 
In consequence of a change of Government in the autumn 
of 1924, further consideration of the last-mentioned 
matters and of the numerous schemes of local develop- 
ment received by the Commissioners from authorized 
undertakers had necessarily to be deferred pending a 
decision by the new Government as to the policy to 


be followed. Special attention was, however, given to 
the concluding stages of certain schemes which were 
in an advanced position at the time, such as the Edin- 
burgh and Lothians Electricity Dictrict, the London 
and Home Counties Electricity District, etc. 

We are all more or less acquainted with the further 
developments which have taken place since the out- 
lining of the aforementioned schemes, and I cannot let 
this opportunity pass without offering my sympathy to 
those of our colleagues in positions that necessarily 
warrant close co-operation and consideration of the 
schemes in any future developments or extensions they 
may be contemplating. 

It is common knowledge to us all, I think, that it is 
not only the generating and distribution sides of the 
business that require close consideration, although these 
two branches of the industry are of primary importance. 
There are other sides which warrant attention, such 
as switch and general control gear, service and continuity 
of supply, and, last but not least, the consumer and his 
apparatus, and of these other branches I should like 
to say a few words. 

The main object of the Bill is the establishment of 
a network of interconnected high-voltage transmission 
lines all over the country, linking up the various generat- 
ing stations, substations, etc. The finance of the Bill, 
of course, depends upon the economies which, it is held, 
wil be the result of such interconnection. The 
Electricity Board is responsible for building and putting 
into operation the transmission lines in question. The 
economic side of the question has, in the past, been a 
subject of much discussion, while the technical aspect 
has, comparatively speaking, been neglected. It is 
generally assumed that the technical problem of the 
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large power house and very high-voltage transmission 
lines has already been solved, at least to a sufficient 
extent to allow the engineering work to proceed. The 
question remains, however, as to what extent the re- 
liability of the electric supply, as apart from its cheap- 
ness and abundance, is likely to be affected by the new 
proposals, or, in other words, ''* Will the linking up, by 
allowing a disturbance of supply in one district to affect 
others with which it is connected, thereby lower the 
reliability of service and reduce the promised advan- 
tages ?”’ 

The problem to my mind is one of switch and control 
gear which, of necessity, will require to be of a design 
to withstand the heavy duties which may be imposed 
on it in the event of a fault developing in the network, 
and the gear so constructed and arranged as to render 
impossible the establishment of internal short-circuits 
either between phases or to earth. One system in 
particular which has been adopted, especially in America 
and on the Continent, is the isolated-phase system in 
which each phase is contained in a separate and distinct 
fireproof room. I believe I am right in saying that 
expert opinion in this country is strongly in favour of it. 

Busbar protection is another feature which warrants 
consideration and thought in providing special protection 
to isolate a faulty busbar section without a general 
shut-down. The whole problem, so far as switchgear 
is concerned, is for designers to aim at limiting the short- 
circuit current by designing apparatus accordingly. 
For this, reactance is employed as one means of pro- 
tection. 

Mention is frequently made in the electrical Press of 
developments of automatic control. It seems, however, 
that up to a little while ago, little attention was given 
by experts to the application of automatic control in 
respect of generation and distribution for power purposes. 
Latterly, however, more attention has been given to 
this subject, with, I believe, a considerable amount of 
success. The advantages to be derived from the intro- 
duction of such automatic features in reducing the 
labour cost, particularly in connection with substations 
and small isolated generating stations, are obvious. 
This development is at present particularly marked in 
connection with the electrification of heavy industrial 
plant, and engineers and designers are more and more 
frequently called upon to furnish plants for contactor 
gear. When used to govern the performance of large 
d.c. and a.c. motors, not only do such installations have 
to provide for numerous steps of acceleration, but the 
control requirenients of particular equipments fre- 
quently call for further considerable elaborations in the 
shape of special relays, interlocks and auxiliary switches 
to effect the performance of certain desired functions. 

Many difficult problems must come in the way of 
the designer in endowing certain apparatus with auto- 
matic features. In spite, however, of the varied nature 
of these, fresh advances are continually being made 
enabling wider and more sensitive control to be effected, 
and I do not think I am looking too far ahead in 
prophesying that in the near future the control of large 
distributing systenis will be under the supervision of a 
small number of men centrally situated in the main 
station control room. 


Service and continuity of supply depend on the 

efficiency of the station, general control gear, trans- 
mission lines, and of the station personnel. I think it 
is generally agreed that we are very well served in this 
regard. We do read and hear of certain complaints 
made in regard to bad or slow service to the consumer, 
but I think they are few and far between. To my mind, 
a few of the complaints made are due in a great measure 
to the want of co-operation between the consumer and 
the supply undertakers. There are few undertakings 
to-day who will not do everything possible to ensure 
that the consumer or prospective consumer is served to 
the best advantage. 

One of the main clauses in the new Electricity Bill 
is to secure co-ordination of effort. In my opinion, the 
securing of this effort, so far as service is concerned, can 
only be obtained if the contractors and consumers work 
in harmony with the supply undertakings. If we coin- 
pare the service to-day with that of, say, 15-20 years 
ago, I think there is really very little to desire. 

In regard to continuity of supply, we are entirely in 
the hands of central station engineers, who, I think, 
have of late been working at a high percentage of 
efficiency. 

A few words now on the application of electricity 
and its commercial field. The developments of the 
scheme as outlined by the Commissioners should procure 
an abundance of cheap electricity and open up the field 
for the more general application of it for industrial 
and domestic purposes. That there is a great field 
in this respect there is no doubt, but up to the present 
the bogy has been one of cost, except for large instal- 
lations for power purposes, though I am not sure if it 
is justified when the advantages and cleanliness of 
electricity are taken into consideration. 

Now electricity, as I shall try to show, is used in 
isolated cases for almost every conceivable heating 
purpose. Take the case of the immersion heater. 
These are serving many industrial purposes where it 
would be impossible to use an open flame. In connection 
with these the electric hot-water radiator is particularly 
appropriate in factories where, on account of the 
necessity for avoiding an open flame, it would be im- 
practicable to use any other method. In the same way, 
it is ideal for public buildings, theatres, hospitals, ships, 
garages and the like. The principle is the conversion 
of a small quantity of water in the base of the radiator 
to near boiling point, the heat being convected in the 
usual way. Most radiators are provided with a three- 
heat control. They are hermetical sealed and no 
water need be added for some time, and then only a 
small quantity after a period of about 12 months. 
Again, there is the question of the heating of large 
offices, works, etc., on the thermal storage system. This 
is a scheme to which, I think, every encouragement 
should be given by supply authorities, as in it there is 
the means of providing a load during the night when 
there is little else on. 

That electricity is coming into more general use day 
by day for commercial purposes is proved by the large 
number of restaurants which have been and are being 
equipped with these clean labour-saving devices. Supply 
authorities are also realizing that it is a desirable load 
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and, where formerly the price of current was prohibitive, 
a more attractive tariff is being offered. The heavy 
cost of current for cooking purposes has in the past 
had a retarding eftect upon the development of electrical 
apparatus for commercial uses. Those who have 
installed any equipment have derived many advantages 
from its use and have appreciated its cleanliness and 
the purity of the article cooked and then, when in a 
great number of cases, current had to be paid for at the 
rate of 2d. or more per unit, have been faced with an 
expenditure that did not compare favourably with the 
cost of other fuels. From the point of view of progress 
this has been extremely harmful to the industry, and 
indeed, despite reductions in cost of current in many 
instances to below ld. per unit, a general impression 
still remains that electricity is unnecessarily expensive 
both in cost and upkeep of apparatus. 

As in other trades, manufacturers have profited by 
past experience and undoubtedly the electric cooking 
apparatus of to-day is most efficient and, provided 
current can be obtained at a reasonable rate, electrical 
cooking is without question the best method. 

I was reading a little while ago of an institution which 
had had its kitchen equipped with electrical cooking 
apparatus. This institution has to provide 16 800 meals 
per week, and the consumption is approximately 2 400 
kWh. In other words, 7 meals are provided for 1 kWh. 

It is impossible to stress too greatly the tremendous 
advantage which electricity possesses over all its rivals 
for roasting or baking. There is nothing fantastic 
in the claim that meat is actually saved when roasted 
in the electric oven. If a fierce initial heat is applied to 
a joint and the outside is ' sealed " quickly and the 
actual process of evaporation of the meat juices is 
thereby arrested, the current can then be shut down 
and later switched off entirely and a slow baking process 
applied to the meat, thus utilizing the heat-retaining 
properties peculiar to the electric oven. 

One of the more recent uses to which electricity has been 
applied commercially is that of baking by electricity. I 
do not suggest that its application is new in this direc- 
tion. Electric baking ovens were made years ago, but, 
owing to the high cost of current generally, manufacturers 
did not deem it advisable to entertain the production 
of these ovens. Of recent years, with the introduction 
of cheaper rates for heating purposes, efforts have been 
made to induce bakers to adopt this method of baking 
by electricity. Iam glad to say that quite a numberof 
these effcrts are meeting with a success which is justifying 
their introduction. It is pleasing to note that several 
supply authorities are considering the question of giving 
special rates when the baking is done during the night, 
as the load is a particularly attractive one, inasmuch 
as it is during an '' off peak ” period. In some towns, 
of course, the load is equally welcome during certain 
hours of the day, especially in areas where there is 
little or no industrial load. That bread-baking in 
electric ovens has proved itself to be superior to other 
methods is beyond doubt both from the point of view 
of quality in the loaf itself and the hygienic condition 
under which it is produced. Provided the cost of current 
remains reasonably cheap, I again venture to prophesy 
that within the next few years the majority of the 


leading bakeries throughout the country will be com- 
pletely electritied. 

There are numerous other fields for the application 
of electricity both on the industrial and domestic side 
and, whilst some may appear to central station engineers 
individually as details, the total consumption may in 
many instances provide quite a reasonable load. 

A few of the more uncommon uses for electricity are 
heaters for drying gum on labels, etc., spot welding, seam 
welding and lead burning, ovens for enamelling and 
stoving, electric muffles or small furnaces, principally 
for laboratory work, electric brazing of jewellery, the 
melting of metals, sterilizers, etc. 

Before concluding my remarks on the domestic side 
of my address, I should like to refer to a paragraph 
which recently appeared in a local evening paper. This 
referred to the present system of taxing electricity by 
increase of valuation for all electrical installations. A 
householder may discard old kitchen ranges and open 
grates and install modern gas-burning equipment with- 
out being called upon to pay increases of taxes and 
rates. If, however, he introduces electrical equipment, 
his valuation is increased and he and his neighbours 
must begin to pay and go on paying year by year in- 
creased taxation. Now this action is to my mind 
most unfair and I have no doubt that in many instances 
this has been the means of preventing quite a number 
of householders from changing from gas to electricity. 

In spite of the many little difficulties which we all 
encounter in persuading prospective consumers to adopt 
more extensively the general application of electricity, 
I think that the trouble in the past has been, as I have 
mentioned previously, the general impression that 
electricity for heating and cooking is expensive both 
in cost and upkeep of apparatus. 

The British Electrical Development Association, the 
manufacturers and also the supply undertakings have 
of late through the medium of the Press and various 
periodicals been educating the public up to the numerous 
advantages to be derived from the more general use of 
electricity. This form of propaganda has, without 
doubt, been very successful as it is realized in these 
days that if one has a good commodity to sell it must 
be brought conspicuously to the notice of the general 
public. 

The fact that these appliances which I have mentioned 
in such scant detail are being used by individual firms 
here and there who themselves have had the energy 
and enterprise to secure such appliances leads one to 
think that the electrical trade should take the initiative 
and place before industry the manifold uses of electricity 
rather than wait for the various industries to have to 
seck these matters out for themselves. 

I have endeavoured to show the enormous field that 
is open to the electrical industry, given a cheap and 
abundant supply of current and co-operation of all 
parties concerned. It is not sufficient for the manu- 
facturers to produce a cheap and reliable article, if to 
install it is going to be expensive, or if the cost of current 
to run it will be prohibitive. Therefore, in conclusion I 
would urge the close co-operation of all branches of our 
industry for the general well-being and ultimate benefit 
of all concerned in it. 
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SUMMARY, 

Problems of torsional oscillation frequently arise in the 
various branches of engineering and present difficulties in the 
way of their solution. 

The investigation of four and more masses is involved and 
calls for a considerable expenditure of time. 

In the present paper the general theory of torsional oscilla- 
tion is first reviewed, and a method is then evolved by which 
the investigation of any number of vibrating masses is 
considerably simplified. A worked example is appended to 
illustrate its application. 


Continued torsional vibration will occur in all shaft 
systems subjected to or transmitting a torque containing 
a periodic impulse. Such oscillation must necessarily 
lead to additional stress in the shafts affected. When 
due precautions are taken this vibration and consequent 
stress will be small, but where the frequency of the forced 
impulse is allowed to approximate too closely to the 
natural frequency, i.e. the frequency at which the 
system will vibrate when disturbed and then left to 
itself—then dangerous vibration will take place and heavy 
alternating stresses, with the attendant dangers of 
fatigue and shaft failure, may be induced. The fre- 
quency of these forced impulses is usually known or 
can be determined. To avoid the danger of resonance 
it therefore becomes necessary to calculate the natural 
frequency of torsional vibration for the particular 
system in view. The object of the present paper is 
to examine the theory of these vibrations with a view 
to evolving a formula for the general case of any number 
of vibrating masses. 


THE THEORY OF TORSIONAL VIBRATION, 


The simplest case of torsional vibration is that of a 
single mass, such as a wheel, of moment of inertia I, 
fastened to a shaft, of torsional rigidity R, the other 
end of which is rigidly secured. R, the force required 
to twist the shaft through unit angle, is easily found from 
the ordinary torsion formula for shafts and is 
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where M, = modulus of rigidity (usually taken at 
12 x 109 for steel); l, l, etc. = lengths of the shaft 
sections of diameters d}, d,, etc.; J1, Jg, etc. = moments 
of inertia, to resist torsion, of the various shaft cross- 
sections. 


* This thesis, together with a thesis entitled ‘‘ The Hunting of Synchronous 


Machinery " (see page 81), was accepted in lieu of the Associate Membership 
Examination. 


If such a system, illustrated in Fig. 1, is disturbed 
from its normal position by turning the mass and conse- 
quently twisting the shaft, the mass will, on the removal 
of the disturbing torque, oscillate about its normal 
position with a frequency depending entirely on the 
constants of the system, i.e. the moment of inertia I, 
the strength R of the shaft, and the coefficient of damping. 
Neglecting the last item for the moment— it is dealt 
with elsewhere—and considering conditions when the 
disturbing force has been removed, we have a mass 
being accelerated and decelerated (in the angular 
sense) and a shaft undergoing alternate right- and left- 
hand twist; the force exerted on and by the shaft being 
equal to the force accelerating and decelerating the 
mass. Also, since no outside disturbing force is present 
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after the initial impulse is removed, their sum must be 


zero. Calling the angular displacement 6, at any time £ 
d0 
5 Eu oe. we ae xd 
Iza + RO (2) 
This may be written 
do Ry 
d? I 


Calling R/I — p?, the solution to this equation is 
0 = A sin (pt + 4) 


where A and ¢ are constants depending on the initial 
impulse and the coefficients of the system. 
Now p = 2mf, where f = the frequency of vibration. 


] ! 
f^i 

T 

This is the natural frequency without damping, and 

an oscillation once started would continue indefnitely 
at this frequency. If, however, the mass in vibrating 
generates and dissipates energy, the oscillation will 
take place at a lower frequency and will die away alto- 
gether when the energy communicated to the system 


Therefore 
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by the initial impulse has been absorbed by the damp- 
ing medium. Suppose the generation of energy to be 
directly proportional to the angular velocity d@/dt 
of the mass and the coefficient of damping K. A 
third factor is now introduced into equation (2), which 
becomes 


dQ dQ 
Mene — -L = 0 
I aa K "E RO 
If KJI = 2h, where h is a constant, we may write this 
d?0 dÜ 
— + 2h— 20 = 
am a pee 


The solutions of this equation may be found in any 
standard work on differential equations. They are four 
in number, viz. 


(a) 0 = Ae-*t + Be-? when h is greater than p 
(b) 0 = (A + Bt)e—# when h = p 

(c) 0 = €-{4 sin bt + A} when h is less than p 
(d) 0 = A sin (pt + d) when h = 0 


Solutions (a) and (b) are for dead-beat movements 
and, since the amount cf damping present is sufficient 
to prevent natural oscillation, need not be further con- 
sidered. Solution (d) has already been investigated, 
(c) is the equation for damped vibration, A, a, b, and 
A having values dependent on the initial impulse and 
the constants of the system. If the initial conditions 
are known these constants may be determined. The 
frequency is again found from b = 27f, but the value 
found for b will differ from that found for p. By sub- 
stituting a number of numerical values for the various 
constants, however, it will soon be seen that where 
the damping coefficient is small compared with the 
other constants the change in frequency is smaller still, 
for practical purposes almost negligible. Also, if 
energy is continuously transmitted to the system by a 
periodic impulse sufficient to compensate for a part 
or the whole of that lost in damping, the discrepancy 
between the natural frequency calculated without 
damping and the frequency at which resonance will 
take place is still further reduced. Now in actual 
practice, unless special measures are taken to obtain 
it, the amount of damping is small compared with the 
other coefficients. Also to produce the oscillation a 
periodic impulse is understood to be present. Conse- 
quently, in all cases where no additional measures have 
been taken to obtain excessive damping, it will be suffi- 
ciently accurate to neglect it in calculating the resonant 
frequency, and methods for use in design work based on 
this assumption will lose no more in their accuracy and 
reliability from this cause than they do from unavoidable 
errors in the estimation of the true inertia or the shaft 
stiffness. 

Consider now what takes place when the system in 
Fig. 1 is subjected to a forced frequency following the 
law 

0 =asingt. . . . . . (3) 


It should be noted here that impulses not following 
a sine law can, by the Fourier analysis, be reduced to 
a fundamental] sine wave and component harmonics, 
and that resonance may take place with both the 
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fundamental and the harmonics. In general, however, 
the amplitude of the harmonics is small and it is the 
fundamental which more usually requires the attention 
of the investigator. In this connection it should also be 
pointed out that impulses of $, 1, 3, etc., of the natural 
frequency will also produce resonance, but the energy 
communicated by a single impulse must be larger as the 
frequency is lower for heavy oscillation to take place. 
Return to equation (3), this impulse can be represented 
by an angular oscillation of the point of support to 
which the shaft is attached, the displacement at any 
time t being 0}, g = 27f, where f, is the frequency of the 
forced impulse. The twist in the shaft is now equal to 


5 1-0 1:5 
Ratio f/f 
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the motion of the mass minus the motion of the support, 
i.e. (0 — 0,). Hence equation (2) becomes 


d?) 


or substituting the value for 0, and dividing through 
by I, 


— + p?Ü = pasin qt 
da Mp ep q 
The solution of this is : 
0 = -; 0 sin gt 
p" — @ 
In other words the motion of the mass is synchronous 
with that of the point of support and 


M EN 
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times its amplitude. This formula is best expressed in 
the form of a curve (see Fig. 2). 

It will be seen from the curve that as the point of 
resonance is approached the multiplving factor and, 
consequently, the displacement and stress in the shaft, 
are increased enormously. They will not, however, 
become infinite as shown but will be limited by damping 
somewhat as illustrated in the dotted-line curve. 

A shaded danger zone, inside which resonance may 
occur, is marked on the curve. The exact boundaries 
to this zone are of course a matter of opinion, but in 
attempting to reduce its width such points as the variable 
nature of the materials used in construction, the data 
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at the disposal of the calculator, and the impossibility 
of accounting for all factors should be borne in mind. 

All arguments so far have been based on the vibra- 
tion of a single mass. This curve, however, applies 
with equal force to a system containing any number of 
masses, with this difference, that instead of one value 
of f there will beseveral. The general case of any number 
of masses will now be investigated. 

Fig. 3 shows a system of (n + 1) masses m,, Mg, Mg 
etc., of moments of inertia Ij, Ip, Ig, etc., connected by 
n pieces of shaft of torsional rigidities Ri Ro, Rs, et-. 
If this system be disturbed and then left free to vibrate 
and a, D, y, e, etc., are the respective displacements 


lic. 3. 


from the normal of m,, m,, mg, then taking the forces 
accelerating these masses 


d*a d?B 


d?e 
dB T LT: dt? 


dy 
lez + 


I— 3112 di? 


+I = 0 (5) 
Consider now the mass m, and its retaining shaft alone. 
The force accelerating m, equals the force twisting 


shaft 1 through the angle (a — f). Therefore 


d? 
L7 + Rila — B) = 0 


Let ja = A, which at present may be either variable 
or constant. Then 


Ra 
hs ES Rja(1 = A) —0. (6) 
similarly by considering m, and its retaining shaft alone 
we get 
d?f 


lt Ri(B — a) + Ry — y) = 0 
The reason for the change in sign of a, B, y, etc., should 
be plain from equation (5). 

Calling y/B = B this becomes 


d*b 
ls + m(1 - =) + R80 — B)—0 . (7) 
Similarly m, gives 
dy 1 
l7; + Ro(1— 5) *Reü-0-0. (8 


where C = e[y 
Finally, mass (n 4- 


d*(), 
Li YE 


1) and shaft n give 


+ Rabai (1 = z) = 0 


where Z is the last unknown term the value of which is 
found from the nth equation. 
Now the oscillation of m, might well represent the 
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movement of the point of support referred to in the 
paragraph on forced vibrations, and from what followed 
there we can at once say that the movement of m, is 
synchronous with that of m,, and that of m, with that 
of m, etc. Consequently A, B, C, D...Z must all 
be constants. To make this point quite clear a second 
proof is given here. 

The acceleration of m, must at all times equal the 
acceleration of m,, plus the acceleration of mj, with 
respect to m,. Calling this last quantity d’«/dt? we 


have 
d?a, . dB d?k 
d? de ^ de 
da dB 
d tl — = — 
and consequently 7 dt x, 


Let the acceleration of m, be zero, which corresponds 
to the moment when it is turning with maximum 
velocity. Then the acceleration of m, must equal 
the acceleration of m, with respect to Mg, i.e. 


da d 
d? dt? 
da dk 
H ae eee 
BS dt^ d 
d 
But "LE x +§ — ; and dB is at a maximum, hence 


the above P Met are true only when the accclera- 
tions d?a[dt?, d?B[di? and d?k[dt? all become zero simul- 


‘taneously, i.e. when the motions of m, and m, are 


synchronous. 
Returning now to equation (6) we may write this 
da Rj 
d f= : E ] S 
"e 27'N 


is here the natural frequency of the whole system. 
Squaring both sides and letting J? = N we get 


Birds 


2N — TUER mr es 
(27) N I dt? EE 


Now call the (natural frequency)? of m, on shaft 1, P, 


1\2 Ry 
Pi = (zz) E 


Equation (6) on being divided through by Ija becomes 


then 


da R 
da 2 Ri 
.— la = — —1 . (24)2P 
but zi] (27)"N and I (277) 1 


Substituting these values in the last equation we get 
— (27)?N + (27)?P,(1 — A) — 0 
From which 


A= P, 
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Substituting this value for A in equation (7), 
dividing through by I,/B, and calling the (natural 
frequency)? of m, on shaft 1, P, = (1/27)?RyL, and 
that of m, on shaft 2, P, = (1/27r)*Ro/Ig we get 


Py 

= pS E eS — B) = 

N+P,(1 px) + P41— B) =0 
1 urs 

n B-RÍA-N-RÍE 


This value for B may be substituted in equation (8) 
and a value found for C. This yields a value for D 
when substituted in the next equation, and so on. 
Finally in the nth equation a value for Z is found which 
when substituted in the last, the (n + 1)th equation, 
gives a formula which expresses N |the value for the 
(natural frequency)? of the entire system] in terms 
of P,, Pa Ps, etc., the individual frequencies squared. 
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each of the frequencies composing the sums in the last 
term is itself multiplied by a sum to Po,, and so on. 
Equation (9) is therefore the general formula which will 
give the natural frequencies of vibration of a system 
containing any number of vibrating masses. To apply 
the formula to any particular case it is merely necessary 
to calculate the individual frequencies (squared) from 
the formula 
Ra 


P, = 0-02534 22 
I, 


Substitute the values thus found in (9) and extract 
the roots of the equation by one of the standard methods. 
The square root of each of the values of N thus found 
will then be a natural frequency of the complete system. 
There will be n roots, each of which will represent a 
frequency at which resonance and dangerous vibration 
may take place. 


TABLE. 
R -m R 
I R T 0-02534 I P3 to Pe P4 to Pg Ps to Ps Ps 
P, 3 000 7-186 x 109 2-395 x 103 60-68 — — — = 
P; 5000 | 7-186 x 109 | 1-437 x 103 36-41 — — — — 
P, 5 000 6-288 x 108 1:258 x 103 31-88 31-88 —- mess = 
P, 1 600 6-288 x 109 | 3-93 x 10? 99-59 99-59 99-59 — = 
P, 1600 | 3-182 x 106 | 1-989 x 10? 50-40 50-40 50-40 50-40 = 
P, 2 500 3-182 x 109 1:273 x 103 32-25 32-25 32-25 32-25 32-25 
Totals 311:21 214-12 182-24 82-65 32-25 


The formula thus found when all constants have been 
eliminated is :— 


N* — N"-Y(P, + P, +... Pon) 
+ N"-24P\ (Py + Pa +... Pon) 
+ PaPa + Ps +... Pon) + Pal...) +...} 
— N*-3[P{P,(P, + Pg +... Pon) 


+ PaPe +... Pon) + Pf...) T... 
TOPQAPAG, + Pon) esa} 
VEL. 
+ N®-4[...J + = 0 (9) 
| ARL Rı 
where m (zz) pom] 
P, = 0-02534 Ri etc. 
I; 


The structure of this formula should be quite clear 
on examination. The first term contains N raised to 
the nth power, where n is the number of connecting 
shafts. The second term consists of N^-1 times the 
sum to P,, of all the individual frequencies (squared). 
In the third term each of the frequencies P,, Py... 
P,...P,, making up the sum in the previous term is 
itself multiplied by the sum of all frequencies (squared) 
to Pon commencing at P,,5». In the fourth term 


A worked example is given below to illustrate the 
application of this formula in practice. 

Where extreme accuracy is desired it is necessary to 
account for the shaft inertia. This may be done bv 
calculating the rotational moment of inertia of each 
connecting shaft and adding one-sixth of the value 
obtained to each of the two adjacent masses. 


14-1600  1,-2500 
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Worked example.—In Fig. 4 the leading dimensions 
are given for a system containing four masses connected 
by three lengths of shafting. It is required to find the 
natural frequencies of torsional vibration for this 
system. The first step is to calculate the torsional 
rigidity of each of the interconnecting shafts. From 
formula (1), with only one value for d and / in each case, 
we get 


7 M,,d* 
R = 321 
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from which 
7 X 12 x 108 x 44 


R, = = 7-186 x 108 
1 32 x 42 oe 
7 X 12 x 108 x 44 
Ro—. ^5 2^" 2* 1960288 x 108 
3 32 x 48 ^ 
m X 12 x 108 x 34 
= nu o eoe Le ei d sre Ries " 6 
R, 39/3536 3:182 x 10 


Since the moments of inertia are known we are now in 
a position to calculate the individual frequencies squared 
from 

P, = 0:02534 RI, 


It is most convenient to express this working in tabular 
form (see table on page 79). 

The formula for three shafts and six oscillating masses, 
obtained by substituting P, to P, and n = 3 in formula 
(9), is 


N3— N*(P, 4- TE al 
T-N(PAUS 4 ... P4) 4- P4(P4,... P9) 4-P4(P5 4- P9) +PP) 
— [PiP Ps +P) +PP) - P4P,P41—0 
Substituting the values found above for P, to P, we 
get, on working out the terms inside the brackets, 
N3 — 311-2N? + 25-47 x 103N — 4-717 x 105 = 0 


This equation may be solved by any of the standard 
methods used for solving cubic and other equations. 
For a detailed discussion of these methods the reader 


is referred to works on the theory of equations. It will 
be sufficient to give here the values found for N in the 
particular example under consideration. 
They are 
N = 26-2, 92-4, or 190-5 


Now N is the (natural frequency)? of the entire system. 
Hence the square root of each of the above values will 
give a natural frequency of the system.  Extracting 
these roots we find that the frequency of the first 
order is 5:12 oscillations per second. 

This represents a single-node vibration in which 
masses m, and m, are moving in one direction while 
masses m, and m, are continually moving in the opposite 
direction. Under these conditions shaft 2 will experi- 
ence maximum stress. 

Frequency of the second order — 9-61 oscillations 
per second. 

This is a two-node vibration in which m, and m, are 
moving against m, and m,. 

Frequency of the third order = 13-8 oscillations per 
second. | 

The vibration now takes place about three nodes. 
m, and m, move in opposite directions to mg and m4. 

We have thus three values which represent, with a 
very close degree of approximation, the three natural 
frequencies. If we desire to know what forced fre- 
quencies it is desirable to avoid we make use of the 
curve in Fig. 2. Accepting the limits marked there 
we find that it is not safe for frequencies between 3-6 
and 17-9 impulses per second to be present. 
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THE HUNTING OF SYNCHRONOUS MACHINERY.* 


By ROBERT LOCHNER, Associate Member. 


(Paper first received 27th April, and in final form 31st May, 1926.) 


SUMMARY. 


Án attempt is made in the present paper to attack the 
problem of hunting from a mathematical standpoint, with 
a view to obtaining methods which will truly indicate, with 
a minimum amount of calculation, whether or not hunting 
is likely to occur in any particular case. Separate sections 
are devoted to a consideration of the disturbing impulse, 
the synchronizing torque and the natural frequency of 
osillation, and in the last-named a method is presented 
by means of which troubles from hunting or torsional oscilla- 
tion of the alternator shaft may be avoided. An example, 
in which the effect of altering various parts of the generating 
unit is examined, is worked out in Appendix 1. The question 
of damping is considered in Appendix 2. 


Hunting is perhaps one of the most serious troubles 
likely to be met with in the operation of synchronous 
machinery. Its effects are both noticeable and objection- 
able. Fluctuations of load and voltage, flickering of 
lights, and, in extreme cases, complete failure to run 
in parallel with other plant are all attendant on this 
class of trouble. The problem of investigating the 
phenomenon, with a view to obtaining immunity from 
it whilst still in the design stage, or advancing satis- 
factory remedies in the case of existing plant, is there- 
fore one of considerable importance. The present 
paper is an attempt to review the theory of hunting 
from a mathematical standpoint. Special attention 
is drawn to the mechanical side of the problem, neglect 
of which renders any investigation on this subject 
incomplete. 

The phenomenon of hunting, as experienced with 
svnchronous machinery is primarily one of oscillation, 
more particularly torsional oscillation, and as such will 
conform in general to the laws governing vibrations 
of this nature. Now oscillation requires for its exist- 
ence three elements :— 


(1) A body possessing mass which is free to vibrate. 

(2) An elastic controlling force which tends to retain 
the body in a mean position. 

(3) A disturbing force which in operating moves the 
body from its mean position. 


All these elements are present in synchronous machinery. 
The rotors, flywheels, turbine rotors, winding drums, 
_ etc., all possess mass and are free to vibrate. Condition 
(2) 1s supplied by the interconnecting shafts and the 
synchronizing torque, while (3) is present, to a greater 
or less degree, in all mechanical units and systems. 

* This thesis, together with a thesis entitled '' The Torsional Vibration of 


Shafts and Shaft Systems ” (see page 76), was accepted in lieu of the Associate 
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The following brief description of the synchronizing 
torque is appended but is only tentative. The subject 
is discussed in detail in Section 2. 

Imagine a synchronous machine connected to a 
supply and, further, suppose the machine to be devoid 
of losses and merely to be running in synchronism but 
having no mechanical power supplied to it. The 
rotor will, under these conditions, take up the position 
of maximum flux and the vector representing the centre 
of a rotor pole will be exactly in phase with that repre- 
senting the net effect of the supply. This position 
will be that of no load and will be the one in which 
the rotor will run if not prevented by some outside 
mechanical force. The effect of moving the rotor 
from this no-load position is to make the machine either 
deliver power to or receive power from the supply. 
Fig. 1, which is a vector diagram of the ideal case, will 
make this plain. 

OA represents the supply voltage and OB the machine 
back e.m.f., in this case supposed to be equal to OA. 
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KENNT di 
0 
A a) 
Fic. 1. 


If now the rotor of the machine is moved from the no- 
load position to a position in advance of OA then OB 
will advance correspondingly. The result of this 
dephasement will be the voltage OE. This voltage 
will be absorbed in driving a current round the circuit 
consisting of the windings of the supply machines, 
the interconnecting leads and the winding of the machine 
under consideration. Since this circuit is highly in- 
ductive the circulating current thus caused will lag 
behind OE by an angle approaching 90° and may be 
represented by OI. Now, as can be seen, this current 
is nearly in phase with the generated voltage of the 
leading machine. Consequently it is a power current 
and represents an electrical load on the machine. If 
no mechanical torque is forthcoming to sustain this 
increased load, then the rotor will be retarded and will 
drop back into the no-load position. If, however, the 
mechanical torque, which advanced the rotor from 
the no-load position, is maintained, then the machine 
will continue to supply a proportionate electrical output, 
and for every mechanical power input there is a corre- 
sponding mean rotor position, up to the maximum load 
position, which will yield an electrical output equal to 
the input less the losses. If at any of these load posi- 
tions a sudden mechanical impulse advances or retards 


6 
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the rotor from its mean position, then a corresponding 
increase or decrease in output occurs, and in the one 
case the electrical and in the other case the mechanical 
torque urges the rotor back to the mean position where 
the two forces balance. It is this property, the supreme 
arbiter of stable running, which is usually termed 
“ synchronizing torque.” 

Returning to the elements required for oscillation, it 
should be added that, in those cases where the body 
in vibrating has to overcome friction, the disturbing 
force must be of a periodic nature. Given these con- 
ditions vibrations will occur, but the amplitude of 
swing, which is a measure of the seriousness of the 
disturbance, will only be great when :— 


(i) The disturbing force is large, or 

(ii) The natural frequency of vibration of the mass 
or masses approximates to the frequency of the 
forced impulse. 


Phenomenon (ii) is the well-known one of resonance 
and may be explained mathematically as follows: 
Let a mass, such as a wheel, of moment of inertia I 
be attached to a shaft of torsional rigidity R, and let 
the other end of the shaft be rigidly secured. The 


Shaft 


Fic. 2. 


torsional rigidity (R) is equal to the force required to 
twist the shaft through unit angle. If the mass is 
turned from its normal position, thus twisting the 
shaft, and then left free, it will vibrate about this 
position for a length of time determined by the amount 
of damping present. Neglecting this item for the 
moment, the equation connecting 0, the angular dis- 
placement, with £, the time, is 


0 = A sin (pt + ¢) 


where A and ¢ are integration constants, and p = +/(R/I). 
The natural frequency is therefore 


Suppose now that the point of support of the shaft, 
instead of being a fixture, oscillates according to the 
law 

0, — a sin qt 


The movement of the mass will now be given by 
p? 
0 = -3 30 3 sin qt 
p—4q 
or if f, = q(27), the frequency of the forced impulse, 
then 
1 


= — 5 
g Ls (Sf)? z 


Now if this multiplying factor be examined it will be 
found to approximate to unity if the values of f, and f 
are widely different. When, however, these two fre- 
quencies approach the same value then the multiplying 
factor becomes very large and a small disturbing move- 
ment can produce an enormous displacement. Either 
of the conditions (i) or (ii) can arise in practice. In the 
first case a large outside impulse mav be introduced 
by variations in the turning moment of the unit driving 
or being driven by the synchronous machine. A periodic 
electrical disturbance will have a similar effect. The 
second state can also occur and may lead to most serious 
hunting, as quite a small disturbing force can, under 
these conditions, produce v.ry large displacements. 

In attempting to avoid hunting, therefore, it is 
necessary, first, to reduce the outside impulse to a 
minimum, and, secondly, by correctly designing the 
various relevant sections of the plant, to obtain the 
greatest possible separation of the values of forced and 
natural frequencies. 

Since both remedies involve a knowledge of the 
outside impulse, this will be discussed first. 


(1) THE OUTSIDE IMPULSE. 


The outside disturbance is the primary cause of the 
oscillation. No continued load-swinging or hunting 
can take place without some disturbing force, which 
must be of a periodic nature. The origin o1 the impulse 
is a secondary consideration as far as ultimate effect 
is concerned—all the objectionable features of hunting 
become most obvious on the clectrical side of the plant 
—but it is absolutely necessary for the electrical designer 
to know the degree and frequency of the disturbance. 

Now the outside impulse may arise in one of two 
ways: it may be generated bv variations in the turning 
moment of the mechanically coupled unit, or it may 
arise from a periodic disturbance of the electrically 
connected system. 

The reduction of the first type of disturbance is 
usually outside the power of the electrical designer and 
he has to be content with giving a fgure for a maximum 
cyclic irregularity which, in his opinion, will give satis- 
factory operating conditions. Such values as 1/150 for 
high-speed to 1/300 for low-speed sets are found to be 
perfectly safe. For successful parallel running, engines, 
or other mechanical units for coupling to synchronous 
machines, should possess the following characteristics :— 


(1) There should be no badly-balanced heavy recipro- 
cating parts. 

(2) Each cylinder should give an equal output. 

(3) There should be in the turning-moment diagram 
no excessive hills or valleys caused by an 
insufficient number of cylinders. 

(4) The governor should be quick in action and should 
have no tendency to hunt. This fault is rare, 
though it actually has been experienced with 
modern medium-speed engines. 


In addition, there should be no periodic variations 
in the fuel supply. Such fluctuations may occur, for 
instance, in the supply to a turbine if a large reciprocating 
engine draws steam from the same main. Lastly there 
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should be no mechanically coupled load which requires 
a large fluctuating driving torque, for this will naturally 
be deducted from the torque of the prime mover, thus 
reacting on the synchronous machine. 

These points are generally recognized by designers 
of plant for operating in conjunction with synchronous 
machinery, who also know more or less completely the 
frequency and extent of the most important disturbances, 
and usually little trouble is experienced from the outside 
impulse alone. 
gas engines, where the violent fluctuations have been 
due solely to variations in turning moment, but in 
general, with heavy flywheels, the outside impulse is 
not in itself sufficient to produce bad load fluctuations. 

The periodic electrical disturbance, or regular rise 
and fall of the external load, can arise in many ways and 
will cause load changes between parallel-running alterna- 
tors if either their voltage regulation or the speed 
regulation of their prime movers differs. The same 
eflect is produced between identical machines inter- 
connected through reactance coils. 

This again, however, is not sufficient to produce 
hunting unless the frequency of the disturbance approxi- 
mates to the natural frequency of the parallel-running 
units. It is this phenomenon which is at the root of 
most of the cases of serious hunting and failure to run 
in parallel. Moreover, it is the remedy directly under 
the control of the electrical designer, and therefore 
deserves closer study. It will be discussed in Sections 
(2) and (3). 


(2) THE SYNCHRONIZING TORQUE. 

Before proceeding with a mathematical discussion 
of the natural frequency of parallel-running units, it 
will be necessary to obtain expressions for the syn- 
chronizing torque, a brief description of which has 
alreadv been given. 

Taking the simplest case first and referring to Fig. 1, 
we have, on calling OE = E, and OA = OB = #, 


E, = 2E sin 30 


Assuming zero resistance for the windings and calling 
the impedance of each machine Z, we have 


The synchronizing power P, in watts, will be equal to 
this current multiplied by the machine voltage and the 
cosine of the angle of lag 40 


P = EI cos 10 


E? | 
= sin 40 cos 40 


527 sin 0 
.or, where @ is small, 
E? 
P= 22? 


P represents the increase in output of machine 1 and 
the decrease in output of machine 2. 

This formula is, however, quite useless for calcula- 
tion purposes since it cannot be applied to alternators 


Cases have occurred, particularly with | 


on load, assumes both machines to be equal, and does 
not take into account resistance, which may be con- 
siderable, for example, in the case of machines in separate 
power houses joined by long interconnectors. What 
is required is a formula which will give the synchronizing 
power that will flow between one alternator and another 
entirely dissimilar machine or bank of machines under 
operating conditions. Fig. 3 is the first step toward 
this. Four assumptions are made, viz. equal loading, 
excitation, internal impedance and displacement for 
each machine. 

The full-line diagram is for normal load conditions, 
while the dotted lines are for the transient state when 
each of the machines is disturbed by an angle 16. 

The resultant voltage is, as before, 


Eg — 2E sin 10 


where E — E, — E, is the internal voltage of each 


Fic. 3. 


machine, regarding the armature reaction as an 
impedance. 
The normal load output of machine 1 = Erl} cos $, 


The transient load output of machine 1 = Eyl} cos dg 


The increase in output resulting from the displace- 
ment 40 is therefore 
E7(I, cos $ — I, cos h) 
Now this increased current is the normal load current 
compounding with the circulating current. Therefore 
the increase in output, or synchronizing power, is also 
equal to 
P = IREp cos B 
where B is the angle between E, and Ep, the busbar 


voltage, which, since the load on the machine is pro- 
portional to sin B, may be termed the load augle. Now 
E E 
In = 27 = Z sin 10 
consequently 


EE 
P- —Z~ cos sin 30 


or, where the displacement is small, 
E 


E 
P= — 4 cos B 
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If, as will be the case in practice, the resistance is not 
zero then the current Jp will lag behind Kp not by 90° 
but by an angle (90 — a), where tan a equals the total 
reactance in the internal circuit divided by the total 
resistance. In consequence the current Jp will lead 
the busbar voltage Er by (B + a 

The formula for the case of machines with resistance 
is therefore 


aap cos (8 + a) 


Consider now the case of machines of unequal impedance 
operating with the same load angle B and the same 
excitation, but given unequal displacements. Machine 1 
is shown advanced by the angle 0,, while machine 2 has 


K 
[Lu 
J 2 
Fic. 4. 


been retarded by 0,. The total angular displacement 
between machines is therefore 


6, + 6, = 8 
Eg = 2E sin 30 


Calling the impedance of machine 1, Z,, and of machine 2, 
Z, we have 


Again 


2E 
Ir = >—— sin 40* 


This current will lead the terminal voltage by the angle 
Z DOG + a. 

Divide the resultant voltage vector EA = Ep into 
two parts so that EC = IpZ, and CA = IgZ,. Now 
EG is proportional to the new load current, while EC 
is proportional to the increase. CG is therefore pro- 
portional to the normal load current and is equal to 
BF. 

Therefore 
Z COB 


Z DOG = /COG + /DOC = B + / DOC 


Z BOF = /COG— B and /GOF = 


and Z.DOC = ae ZOA 
SAU rz 
-&( ge 
Z DOG = £40452) 


* Strictly speaking, these impedances should be added algebraically, but 
with ordinary machines the arithmetic sum will give sulticier tly accurate results. 
The true impedance will be that derived from the sum of all the resistances 
and reactances. 


| 
| 


and the current Ig will lead the terminal voltage OG 
by an angle 


Z 
+a + e( — zz) 
The synchronizing power is 
P = InEq, cos (a + / DOG) 


Substituting the above values we get 


on - sin 40 cosd B- e +a+ e(1 — S (1) 


P= ——_ 
Z +Z, + Za 


The effect of a difference in excitation is to cause a 
steady value of current to circulate which lags behind 


the internal voltage vector by an angle (90 — a). The 
E, 
E, 5 
Enr 
7 / 
i». 
ZA 
JS 4 E, 
h : 
^ f 
£s 
K 
E; 
Fic. 5. 


current which flows as a result of any dephasement is 
superimposed on the steady current. The power 
increase and therefore the synchronizing power is 
proportional to this superimposed current only. Fig. 5 
illustrates this point. £, is the internal e.m.f. of 
machine 1, E that of machine 2, whilst Æ} is the 
resultant of these two voltages when exactly in syn- 
chronism. This voltage causes a current to circulate 
round the internal circuit which will lag behind EK, by 
(90 — a). If now E, and E, are both displaced by 
an angle 30, a new resultant E, will appear which will 
cause an increased current J, to flow. Ey, is, however, 
compounded of two voltages E, and Ep. at right angles 
to E}. The current J, will therefore be compounded of 
I, and Ig, the current resulting from Eg. The actual 
increase is Jp. Now Eg is the resultant of two e.m f.'s 
each equal to (E, + E,) displaced by an angle @. 
Consequently where the excitations are not equal, 
formula (1) may be used by substituting à, + E,) 
for E. Hence the complete expression for the syn- 
chronizing power flowing between machines bearing 
equal percentage loads is 


E, + E 
P = Erz 7, sin 


10 


£s 


cos [B + a + O(t- 7727 


ye. o 


40 cos (8 + a) watts " 


or, where @ is only small, 


Ec(Ei -+ E,) 


P= 
Z,+ Zs, 


(3) 
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This, though not strictly mathematically correct, will 
be quite accurate enough for practical calculations 
which, as a rule, have to be done in limited time, and 
very little error will be introduced by using such an 
approximation. To obtain a theoretically correct 
expression so many factors have to be introduced, 
resulting in an expression so complex, far more so than 
formula (2), that it would be of very little use for com- 
mercial calculations. 

The above expression is, however, a Cistinct advance 
on the formula 


E 
P= 58 


which is of no use for obtaining accurate results except 
in one particular case which does not occur in practice. 
Formula (3) will be used as a basis for obtaining an 
expression for synchronizing torque. Changing @ from 
electrical into mechanical degrees we have for P, the 
synchronizing power, 


E7(E, + E,) 


P= 
Z, + Ze 


10» cos (B + a) 


where p is the number of poles. Dividing by 746 and 
by 27 N, where N = revolutions per minute, and multi- 
plying by 12 x 33 000 we have 


12 x 33000 Eq(E, + E,) 


T, = ———————: pcos (p +a 

‘= G6 x mN 2,42, P B +a) 
where T, = the synchronizing torque in in.-lb. This 
is the expression for a single-phase machine. With an 


m-phase machine the synchronizing torque will be m 
times as great, Ep, E, E,, Z, and Z, all of course then 
relating to phase values. 


Letting R, = NIZ, + Zp cos (8 + a) 
we get 
T, = R40 


Now if this is compared with the equation connecting 
torque (T), torsional rigidity (R) and angle of twist (0) 
for a circular-section shaft it will be found to be the 
same, the expression represented by R, simply taking 
the place of R. Consequently the electrical coupling 
between parallel-running synchronous machines may 
be exactly represented, for mathematical purposes, 
by a shaft of the same stiffness as the electrical 
coupling. This value of R or R, may be termed the 
" synchronous rigidity ’’ and is given directly by 


p, . ZimErp(E, + Ej 
N(Z, + 23) 


This important point is made use of in the next Section, 
where the calculation of the natural frequency is dis- 
cussed. Some interesting facts may be deduced from 
this formula. For instance, a machine is more likely 
to fall out of step when heavily loaded than when running 
light. The same is the case for an alternator running on 
a leading power factor compared with one running on 
a lagging power factor, or the reverse with a synchronous 


cos (B + a) 


experienced, in the event of a disturbance, with a close- 
regulating machine than with a machine with poor 
regulation. Single-phase machines will be more liable 
to drop out than multi-phase machines. In the case 
of machines operating in parallel through interconnectors 
possessing considerable resistance the value for a will 
be high and the tendency to pull out cf step on load 
very much greater than in the case of machines in the 
same power station. The resistance of an intercon- 
nector should be sufficiently low to prevent the angle 
(B + a) from approaching 90°. 


(3) THE NATURAL FREQUENCY. 


Load swinging and a form of hunting may and does 
often arise from a periodic forced impulse, when this is 
large. The cases of really serious hunting and failure 
to run in parallel are, however, more often traceable 
to an accidental concurrence of the natural frequency 
of the system with the frequency of some sufficient 
prominent forced impulse. When this occurs the rela- 
tively small disturbing impulse is magnified and becomes 


Fic. 6. 


an enormous displacement at the alternator rotor which 
tends to throw the machine completely out of synchro- 
nism, At all costs, therefore, this conditions must be 
avoided. 

Now the frequencies of the forced impulses are more 
or less fixed, depending as they do upon the speed and 
type of mechanical unit. With the natural frequency, 
on the other hand, the designer has more latitude and 
it is here that the adjustment is effected. The remedy, 
however, presupposes a method of determining the 
natural frequency. This will now be investigated. 

Consider a number of synchronous machines driven 
by turbines, running in parallel and supplying power 
to other synchronous machines, such as rotary con- 
verters, on a network. Remembering that the electrical 
coupling may be replaced by a shaft, Fig. 6 will truly 
depict this case. The junction replaces the busbars 
and is supposed to be capable of transmitting the syn- 
chronizing torque between all the connected units. 
The plain masses represent the rotors of the synchronous 
machines, while the shaded masses indicate the turbine 
rotors, engine flywheels, etc. Now it is evident that if 
one machine is being displaced backwards and forwards 
from its mean position, by some disturbing force arising 
from its prime mover, then all the other machines are 


motor. Again, much more violent fluctuations will be : relatively being displaced in the reverse direction, and 
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the synchronizing current which flows, as a sum total, 
through the individual machine is subdivided between 
the collected machines. 

Consequently all the collected machines may be 
expressed as one large fictitious machine to which the 
individual machine is connected. The electrical admit- 
tance of this machine will be the sum of the admittances 
of each of the collected machines, and the inertia will 
be the sum of the inertias. In fixing the constants of 
this fictitious machine, when they are unknown, the 
determining factor will be the size of the individual 
machine compared with the size of the supply. Infinity 
for the inertia and zeio for the impedance will of course 
represent limiting values. 


Fig. 7 therefore represents a general case. 

I = moment of inertia of the flywheel or turbine 
rotor of machine 1. 

Ij = moment of inertia of the rotor of machine 1. 

I3 — moment of inertia of the rotor of machine 2. 

I, moment of inertia of the flywheel or turbine 
rotor of machine 2. 

R, = torsional rigidity of the shaft connecting the 
flywheel or turbine rotor and the rotor of 
machine 1. 

R3 — torsional ngidity of the shaft connecting the 
flywheel or turbine rotor and the rotor of 
machine 2. 

R4i1-— synchronous rigidity of the electric coupling 
when viewed from machine 1. 

R,»-— synchronous rigidity of the electric coupling 


when viewed from machine 2. 


This difference of synchronous rigidity does not 
represent a difference in synchronizing torque. It is 
caused by the difference in polar arc and mechanical 
swing necessary in the case of machines of different 
speeds. The natural frequency is that desired. 

Call the displacements of I; Ig, Ig and Ig from the 
mean position respectively a, B, y and e. Neglecting 
damping (see Appendix 2) the force causing acceleration 
of each of the masses is derived from the twist in the 
connecting shafts, and this force has an equal and oppo- 
site reaction in the amount by which each of the masses 


resists acceleration. Hence 

d? 

L,75 + Rila — $) = 0 
d?) 

La + Raf — a) + Ral — y) = 0 
dq? 

i7 + Rely — B) + Rely — € = 0 
de 

hos + Role — y) = 0 


| 
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Now the motion of Ig is equivalent to the motion of the 
point of support mentioned in the paragraph on forced 
vibration, while I; takes the place of the oscillating 
mass I. Consequently 
aj, B 


p? — a 
p? 
Or, Since g 37a constant, 
B — 4a 
Similarly y = BB; € =Cy 


where A, B and C are constants. 
The above four equations then become 


da 


Ln + Ria(1 = A) = 0 


d* ] 
DÉ + ms(1— 4) + Rip — B) = 0 


d?) 1 

Iga + Ryvy/(1 = =) + Rgy(1 — 0) = 0 
d?e 1 

lza +t Rae(1 i c) ui 


Taking the first equation and transposing, we get 


d'a Ri. 
— — = (1-—A 
dt? L l a 
1 R 
whence f= N n = A) | 
where f is the natural frequency of the whole system. 
, 1 Ri 
Letting P,= EA and f= N 


we have, on squaring both sides of the last equation, 
N = P,(1— A) 
and A = (P,—N)/P, 


substituting this value for A in the next equation and 
letting 


1 Ri 1 Ry 
I. cx — d Pe — 
PU Batty "6 0737 (mI, 
we have 
N + P,(1 ti ) + Py B)=0 
2 p BEES 3^ = 
] P 
From which B = EP —N— itx) 


This value for B may be substituted in the next equa- 
tion and an expression for C obtained which, when 
substituted in the last equation, gives N, the natural 
frequency (squared) of the whole system, directly in 
terms of P,, P, etc. The formula arrived at in this 
way is 


N3—N?*x(P,-P44- ... P) - NUPQUPS- P4... Pe) 
+PP t ... P +PP HP) +PP 


—{P,P.(P5+P.) +P PsP .}=0 (3) 
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where 


P, = 0-02534 Ryl,; P, = 0:02534 Ryle; 
= 0-02534 Ryj/I5; Py = 0:02534 ReofTs ; 


P3 


There are three roots to this equation, each of which 
is real and positive and represents a frequency at which 
the system illustrated in Fig. 7 can vibrate. Resonance 
with a forced frequency can occur at any of these three 
values. In electrical machinery, however, R, will be 
smaller than either Ry or Rg. ln consequence the 
first root will be considerably lower than the other two 
roots. It is at the frequency represented by this first 
root that the largest displacements will take place. 
The other two frequencies are to be avoided but are 
not sO serious as the first mentioned. The natural 
frequency of vibration of any individual machine running 
in parallel with other synchronous machines may there- 
fore be calculated in the following manner. 

Values are first calculated or assumed for the im- 


pedance and inertia of the fictitious machine. The 
synchronous rigidity is then calculated from 
2imE7p(E, + E,) 
= ——— ~ cos (P +a 
"s N(Z, + Z4) p ; 
The torsional rigidities Ry and Rg are given by 
pe 7M aL Mo 
B o koed eee 
di di Jj J J 


where d,, dy, d4 are the diameters in inches of the various 
component shaft sections of lengths l» lẹ» l inches, 
etc. J,, J, etc., are the sectional moments of inertia 
to resist torsion of the corresponding diameters d}, dp. 
M, is the modulus of rigidity, usually taken as 12 x 108 
for steel. The values of P, P, P, etc., are then 
ascertained and inserted in formula (3). The square 
root of each of the solutions of this equation will be a 
natural frequency. 

When the natural frequencies have thus been deter- 
mined they may be compared with the frequency of 
the most prominent forced impulses likely to occur. 
If there are no coincidences the danger of hunting from 
this cause is non-existent. Where the frequencies, 
forced and natural, lie somewhat close, it may be 
necessary to repeat the calculation for the natural 
frequency with the no-load value for R, given by 


R, = 21mErpp(E, + E) — 
N(Z, + Zo) 

In no case should the ratio of forced to natural frequency 

or its reciprocal be greater than 0-6 or at the most 0-7. 

When this occurs one of the controlling factors should 

be altered to increase the difference. A worked example 

is given in Appendix 1. 


APPENDIX 1. 


The following particulars were given for two alter- 
nators and the problem was whether they would 
operate in parallel successfully. 


Unit 1 Unit 2 


Type Turbine-driven | Diesel-engine 
driven 

Output, kVA 5 000 625 

Terminal voltage .. 2 200 2 200 

Terminal current .. ] 310 164 

Power factor 0-8 (lagging) 0-8 (lagging) 

Speed, r.p.m. 3 000 300 

Type of winding Three-phase star | Three-phase star 

No. of poles T 2 20 

Inertia of alternator 2 900 20 500 
rotor, in.-lb. units 

Inertia of turbine 2 900 — 
rotor, in.-lb. units 

Inertia of flywheel — 31 200 
rotor, in.-lb. units 

Phase terminal vol- ] 273 ] 273 
tage 

Phase internal vol- 1 578 1 578 
tage 

Phase impedance, 0-32 2-5 
ohms 

Phase resistance, 0-012 0-095 
ohms 


Also from drawings it was found that the torsional 
rigidity of the shaft between the rotor of the turbine 
and that of the alternator was 40 x 109 while that of 
the shaft between flywheel and rotor on the engine set 
was 35 x 108, 


2 500 


2 900 
Fic. 8. 


20 500 31 200 


The synchronous rigidity of the electric coupling 
when viewed from either set will be obtained from 


2ImEgp(E, + E,) 

= —___—___-__— cos +a 
N(4Z, + Z3) (5 

In this case f = 12° and a = 2? 

21x 3x 1273 x 2 x (1578 + 1578) 

mm co 


Ru = 3000 x (0-32 + 2-5) idi 
— 0-0582 x 10$ 
21 x 8x 1273 x 20 x (1578 + 1578 
Re Ae Ded UON o) s 14? 


300 x (0-32 + 2-5) 
— 5.82 x 109 


The system is shown in Fig. 8. 
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We are now in a position to calculate the natural 
frequencies, P,, P,, etc., which operation is best per- 
formed in a table (see table on this page). 

We can now substitute these values in formula (3), 
which becomes, on simplification, 


N3 — 831:4N? + 59 840N — 86 340 = 0 
The three roots of this equation are 
AN = 1:478, 77-4 and 752:4 


The square root of each of these values of N will be a 
natural frequency of vibration for the system. These 
are 

f = 1:215, 8-8 or 27:4 oscillations per second. 


The Diesel engine driving machine 2 has four cvlinders 
and the frequencv of the most serious impulses likely 
to occur will be 23, 5 and 10 per second. Comparing 
these with the resonant írequencies, and bearing in 


Increasing the diameter of number 2 alternator shaft by 
20 per cent only .— 


f = 1:24, 12-4 or 27-4. 


Increasing the diameter of number 2 alternator shaft by 
20 per cent and decreasing the flywheel weight from 6 to 
4 tons :— 


f = 1-375, 13-5 or 27-4. 


Increasing the flywheel weight from 6 to 8 tons and the 
alternator rotor weight from 44 to 6 tons :— 


f = 1-08, 7-6 or 27°5. 


Increasing the impedance of machine 2 to 5-32, if that 
were possible ; everything else the same. 


J = 0-806, 9-52 or 27:1. 


The remedy that would actually be used in any par. 
ticular case would of course be determined by circum, 


TABLE. 

No R I 0-025341 Pa +... Pe Pat... Pe Ps + Pe 
1 40 x 106 2 500 404 — — — 
2 40 x 106 2 900 348 — — — 
3 0-0582 x 109 2 900 0-508 0-508 — — 
4 5-82 x 108 20 500 7-2 7:2 7-2 — 
5 35 x 10$ 20 500 43-2 43-2 43-2 43-2 
6 35 x 108 31 200 28-5 28-5 28.5 28-5 

Totals .. 831-4 79.4 78-9 71:7 

mind the fact that forced frequencies of 3, $, 1. etc., | stances. In the present example the most effective 


times the natural frequency are likely to cause hunting, 
it will be scen that hunting will not occur at the single- 
node frequency 1-215, and no trouble will be experienced 
with impulses of 24 and 5 per second, providing they 
are not unduly large. The impulse occurring 10 times 
per second, however, lies dangerously near the two-node 
frequency of 8-8. The greatest interchange of power 
between the two machines will not take place at this 
frequency, but with this proximity trouble would quite 
possibly be experienced with flickering of the lights. 
The natural frequency of 27-4 is well removed from 
anv of the forced frequencies and from the second 
multiple of 10. The third multiple, being an impulse 
occurring only once in three swings, would not cause 
trouble. 

The effect of varving the various parts of the system 
in order to increase the difference between 8-8 and 10 
is shown below. 


Increasing the flywheel weight from 6 to 10 tons; 
everything else as before :— 


f = 1-05, 8-2 or 27-4. 


of the various alterations given, provided that the 
machine is still in the design stage, would be that in 
which both alternator aid flywheel weights are in- 
creased. This with efficient dampers would entirely 
remove the danger. 


APPENDIX 2. 


Damping is always present, to a greater or less degree, 
in the systems under consideration. It serves to 
absorb and dissipate as heat the mechanical energv 
communicated to the system by the forced impulse. 
Consequently, when an oscillation occurs in damped 
svstems this will represent a source of loss, and the larger 
the forced impulse, or the nearer to the resonant fre- 
quency the system vibrates, the greater will be this 
loss. The question is, however: What is the resonant 
frequency when damping is present ? 

Assuming the retarding force arising from damping 
to be directly proportional to the velocity of the oscilla- 
ting mass and a damping constant, K, then the equa- 
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tion expressing the state of the system illustrated in 


Fig. 2 is 
d? dO 
Lac KZ + R=? 


The solution which involves oscillation is obtained 


when f 
4i E K 
I 2I 


6 = e—{4, sin bt + A, cos bt} 


and is 


where A,, 4, @ and b are coefficients having values 
dependent on the initial impulse and the constants of 
the system. The natural frequency obtained from b 
will be found to be lower than that calculated when 
neglecting damping, but the discrepancy, unless the 
damping constant is very large, will not be great. 
This equation applies only to a freely oscillating system 
and, as can be seen, this vibration will die away. For 
dangerous displacements to occur, a recurring impulse 
must be present and this force will continually supply 
to the system the energy lost in the damping medium. 
The frequency at which the maximum displacement 
will then occur will be brought nearer to the natural 
frequency as the force is made larger. Since this is 
what we have in practice it will, for practical purposes, 
be legitimate to use the natural frequency calculated 
without damping. In any case swinging will occur 
when running near the resonant point, however good 
the damping, and this will cause a continual loss. 
Machines have been made to run even at the resonant 
frequency by the use of amortisseurs. Although 
though their use is highly beneficial to the parallel 
running of the machine, however, their function is more 


to minimize the effect of some isolated mechanical 
impulse, such as a missfire, rather than artificially to 
hold the machine in synchronism against complete 
resonance. Rather than rely on the damping mechanism 
for this duty it would seem to be a better policy to avoid 
resonance by design and then add dampers to minimize 
any fluctuation. 

The damping constant, K, is usually found by regard- 
ing the amortisseur winding as a squirrel-cage rotor 
which is slipping back with reference to the field pro- 
duced by the stator conductors. 

The formula for a three-phase machine obtained by 
this method is 


E 
K = 2790 d 


Nd in.-]b. units 


where Æ = phase voltage, J = fullload current, 
N = speed (r.p.m.) and d is the full-load slip of the 
machine when running as an induction motor. 

The current in the rotor bars is 


C 
i = I+ 
b, 


where c, — number of stator conductors 
b, — number of bars. 


If R is the resistance of all the bars, connections and 
joints in series, the loss in the damper is 


VR 
If P is the output of the machine in kW, 


PR 
qo 
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746TH ORDINARY MEETING, 21 OCTOBER, 1926. 


Mr. R. A. Chattock, Past-President, took the chair 
at 6 p.m. 

The minutes of the Annual General Meeting held on 
the 21st May, 1926, and of the Extraordinary Meeting 
held on the 24th June, 1926, were taken as read and 
were confirmed and signed. 

A list of candidates for election and transfer approved 
by the Council for ballot was taken as read and was 
ordered to be suspended in the Hall. 

Lists of donations to the Benevolent Fund (see vol. 
64, pages 799, 892 and 988) were taken as read and the 
thanks of the meeting were accorded to the donors. 

The Premiums and Scholarships (see vol. 64, pages 
658, 717 and 988) awarded during the session 1925-26 
were presented by the Chairman to those recipients who 
were present. 

The chair was then vacated by Mr. Chattock and 
taken by Dr. W. H. Eccles, F.R.S., amid applause. 

Mr. Li. B. Atkinson : Those of us who have known 
Mr. Chattock for many years have realized for a very 
long time that his eminence in our profession, and the 
work he has done in our industry, entitle him to the high 
position which he is just vacating. In the past year, 
notwithstanding that the Electricity Bill has necessarily 
taken a great deal of time and attention from those who 
are in the supply industry, Mr. Chattock among them, 
he has devoted undiminished energy and thought not 
only to our London meetings but to many of our pro- 
vincial meetings and to the internal management of the 
Institution. I have, therefore, the pleasure of asking 
you to pass the following resolution, and at the same 
time I should like to add on my own and everybody 
else's behalf our wishes that he will long be spared to 
join us in our meetings, although no longer as our 
leader. The resolution is ' That the best thanks of the 
Institution be accorded to Mr. R. A. Chattock for the very 
able manner in which he has filled the office of President 
during the past year.” 

Lieut.-Col. K. Edécumbe : During the past year, 
in which I have had the privilege of serving under 
Mr. Chattock on the Council, I have discovered in him 
not only the great electrical engineer of the Corporation 
of Birmingham but a most sympathetic and altogether 
likeable man. I have the very greatest pleasure in 
seconding the vote of thanks, and I should like to add 
that I am quite sure the Institution has had in Mr. 
Chattock one whom it will always be proud to number 
amongst its distinguished Presidents. 

The resolution was then put to the meeting by the 
President, and was carried with acclamation. 

Mr. R. A. Chattock : I can only indicate to you 
very poorly how much I appreciate the way in which 
you have received this vote of thanks. When I took 
office it was with a certain amount of trepidation and 


with the knowledge that I had to live up to the reputa- 
tion of my predecessors. I do feel that the inspiration 
I have had from them has really been the mainspring 
which has carried me through my year of office. My 
predecessors and the Members of the Council, and all 
the members of the Institution with whom I have come 
in contact, have gone out of their way to make my year 
pleasant and easy and to help me to carry out the duties 
which fall to the President's lot. It has been very 
interesting to me to visit the Local Centres, and I want 
to take this opportunity of thanking the members in 
those Centres for the very kind reception and hospitality 
which they have given to me. I feel that they are 
imbued not with their own local interests only but with 
the main interests of the Institution. I feel that they 
are doing all they can to further those interests and to 
help the Council in London to carry on the Institution 
and to uphold its dignity. As long as we have that 
unity of feeling between the Local Centres and the 
Council, I am sure this Institution will go on to higher 
things and even more valuable work than it has done 
in the past. I must not forget to refer to the new 
Wireless Section that has been formed in the Institution. 
It is pleasant to see how very virile it is, and how eager 
the members in that Section are to promote the develop- 
ment of wireless work in our industry. The proposal to 
create Wireless Sub-Centres is a very valuable one, and 
I am sure it will help in the development of that import- 
ant branch of the industry. Iam glad to know that the 
South Midland Centre is the first to form a Wireless Sub- 
Centre. It was a disappointment to me, as I know it 
was to all of us and especially to our friends on the 
North-East Coast, when it was found impossible, on 
account of the general strike, to hold the Summer 
Meeting in Newcastle, but my successor, Dr. Eccles, 
will, I am sure, have the pleasure and privilege of going 
to that meeting next year and accepting the hospitality 
of the North-Eastern Centre. Like my predecessors, 
I desire to pay a tribute to our energetic and capable 
Secretary, Mr. Rowell, and his staff. I feel that the 
excellent way in which the routine work of the Institu- 
tion is handled by them is entirely due to the splendid 
organization that Mr. Rowell has created. One gets 
into the way of taking it all for granted and not consider- 
ing the amount of work and thought which is necessary 
in order to carry on the business of the Institution. I 
will conclude by thanking Mr. Atkinson and Colonel Edg- 
cumbe for the very kind things they have said about me. 

The President then delivered his Inaugural Address 
(see page 1). 

Mr. E. H. Shaughnessy : After listening to the very 
fascinating Address from our President, we can easily 
conjure up in our minds the amount of work which 
must have been involved in collecting so much data 
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on so many subjects. Dr. Eccles has perhaps dis- 
appointed some of us. We know he is very interested 
in wireless communication, but to-night he has given us 
one of those rich treats which are, as he said, of a general 
rather than an abstruse character. Having been 
associated with Dr. Eccles in wireless matters, it gives 
me very great pleasure to propose a vote of thanks to 
him for his Presidential Address. During my close 
association with him for several years I have discovered 
the soundness and width of his knowledge. To my idea 
he is the typical wireless engineer, who has to know not 
only wireless but also all the rest of electrical engineering. 
I have very much pleasure in proposing: ‘‘ That the 


best thanks of the Institution be accorded to Dr. W. H. 
Eccles for his interesting and instructive Presidential 
Address, and that, with his permission, the Address be 
printed in the Journal of the Institution.” 

Prof. M. Maclean: I have great pleasure in seconding 
this vote of thanks. In doing so I should like to add my 
own personal appreciation of the President’s Address. 
It has been admirable and excellent not only in matter 
but in form and in delivery. 

The resolution was then put to the meeting by Mr. 
Chattock, Past-President, and was carried with acclama- 
tion. After the President had briefly replied, the 
meeting terminated at 7.30 p.m. 


56TH MEETING OF THE WIRELESS SECTION 3 NOVEMBER, 1926. 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 

The minutes of the Meeting of the Wireless Section 
held on the 2nd June, 1926, were taken as read and 
were confirmed and signed. 

A list of Premiums awarded by the Council for papers 
read before the Wireless Section during the Session 
1925-26 (see vol. 64, page 718) was read. 

A vote of thanks to Major Binyon for his services as 
Chairman of the Wireless Section during the session 


1925-26, proposed by Mr. E. H. Shaughnessy, O.B.E., 
and seconded by Dr. R. L. Smith-Rose, Ph.D., was 
carried with acclamation. 

Prof. C. L. Fortescue, O.B.E., M.A., Chairman of 
the Wireless Section, then delivered his Inaugural 
Address (see page 39). 

A vote of thanks to Prof. Fortescue for his Address 
was proposed by the President and, after being put 
to the meeting, was carried with acclamation. The 
meeting terminated at 7.12 p.m. 


747TH ORDINARY MEETING, 4 NOVEMBER, 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
2]st October, 1926, were taken as read and were 
confirmed and signed. 

The President announced that the Council had 
elected Senatore G. Marconi to be an Honorary Member 
of the Institution. 

Messrs. A. N. Aikman and W. R. Hackworth were 
appointed scrutineers of the ballot for the election and 
transfer of members and, at the end of the meeting, 
the result of the ballot was declared as follows :— 


ELECTIONS. 
Members. 


Cooper, Arthur Reginald. Mackenzie, Ian Scott. 


Associate Members. 


1926. 
Graduates. 
Rayment, Kenneth Inge. 
Sharma, Gyan Chand, 
M.Sc. 
Shepherd, Joseph. 
Smith, Charles. 
Sully, Robert Bryant, B.A. 


Ablitt, George William. 

Bahna, Guirguis Yousef. 

Beg, Mirza Mustufa, 
B.Sc.Tech. 

Hawkins, Ernest. 

Moorhouse, Ben, B.Eng. 


Nettleton, William Ed- Svarup, Anand, M.Sc. 
ward B. Williams, Richard Francis 
Raby, William James. S. 


Raghavan, V. T. Srinivasa. Woodson, Jonathan Plews. 


Students. 
Ainger, Christopher George. Chatterji, Hari Charan. 


Anderson, Francis. Chisholm, Alexander 
Ayres, John. David. 

Babree, Parkash Chand. Coates, Edward Seymour A. 
Baker, George Carr. Cooke, George Pearson, 
Ball, Wilfred Charles D. B.A. 


Anthonv, Percy Alexander 
W., B.E. 

Blackhall, Frederick Wil- 
liam. 

Capper, Edwin John. 

Cartwright, Tom Ashton. 

Cuthbertson, Leopold 
Claude. 

Davies, Thomas Richard, 
B.Sc. 

Davison, Joseph Wilfred. 

Day, Horace Cardwell. 


Dunphy, Thomas Bernard. 

Fahmy, Sayed, M.Eng. 

Heinrich, Arthur 
Frederick. B.Sc. 

Hope, Vernon. 

Jenkins, David. 

Kline, James 
B.Sc. 

McCaskill, Neil, B.Sc. 

Turner, Eric. 

Walsh, Alexander 
dolph. 


Allen C., 


Ran- 


Beech, Frank. 

Blake, Robert Austin. 

Bomford, Leshe. 

Breckell, Henry. 

Brown, Eric Lancelot. 

Brown, James Connell, 
B.Sc. 

Brownson, Gilbert Lever. 

Burton,Colin Rupert, B.Sc. 

Caldecott, Walter Donald. 

Calver, Reginald Frank J. 

Chakravarti, Nripendra- 
nath. 


Cooper, Lionel Walter. 
Cox, Ernest Cyril H. 
Crookes, William Raymond. 
Culpitt, William Gregor. : 
Curtis, Reginald James S. 
Dalgleish, James White. 
Darragh, Robert Cecil. 
Davies, Angie Henry. 
Davies, David James. 
Dibdin, Oswald Bernard. 
Dichmont, Ronald William. 
Donkin, Bryan, B.A. 
Elkins, Ivor. 
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Students—continued. 


Ellis, Reginald. 

Fairhurst, Harold Har- 
greaves. 

Faithfull, Edgar Wilfred. 

France, Eric. 

Fuller, Ronald George. 

Guy, Reginald William H. 

Humphries, Louis Edwin 
W. 

jackson, Cyril Gordon. 

James, Eric Edward. 

Jennings, Frank Hugh. 

Jessop, George Robert. 

Jones, Norman Watkin. 

Lamotte, Gerald William 
L., B.A. 

Le Clair, Camille Clare 
9: 

Lister, George Page F. 

Manser, Albert William. 

Mitford-Slade, Godfray 
Bertram. 

Moir, Alexander. 

Oman, George Rendall. 

Partridge, John Henry, 
Ph.D. 

Patel, Maganbhai Shanker- 
bhai. 


Pearson, Leonard Bar- 
thram. 
Phelps, Geoffrey George. 
Piper, Ernest Frank. 
Player, Richard Clark, 
B.A. 
Ramage, James Anderson. 
Roberts, Frank, B.Sc. 
Salisbury, John Edward. 
Sawyer, Thomas Frederic 
S. 
Sen, Susil Chandra. 
Shields, Alfred Victor. 
Smith, Hugh John C. 
Smith, James Russell. 
Spiller, Russell Frank. 
Stock, Allen Lievesley. 
Taunt, Harold Eric. 
Thacker, Maneklal Sankal- 
chand. 
Thomas, George Leslie. 
Thomas, John Hubert. 
Vost, Harry Hayden. 
Welman, Douglas Pole. 
Woodhead, Harold Charles. 
Woodhouse, Philip Mar- 
shall, B.A. 
Wright, Henry Joseph. 


TRANSFERS. 


Associate Member to Member. 


Coursey, Philip Ray, 
B.Sc. (Eng.). 

Dalley, Christopher. 

Ellis, Thomas William. 

Hollingworth, John, M.A., 
B.Sc. (Eng.). 


Lockhart-Jervis, Beresford 
Clayton, Colonel, D.S.O., 
R.E. 

Morris, Alfred. 

Murray, Granville. 

Phillips, Robert Wilfred L. 


Graduate to Associate Member. 


Akister, Frederick. 
Aldis, Reginald Fred. 
Ashton, William Thomas. 


Blundell, Victor Robert. - 
Clarke, Wright William, 
B.Sc. (Eng.). 
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Graduate to Associate Member—continued. 


Colburn, Fred. McGrath, Francis Albert, 
Cox, Walter Ronald, B.E. B.E. 
Davidson, Harold Stuart. Mackav, William John. 
Hawkins, Ernest James. Mills, Robert Arthur. 
Jacobi, Erhard. Patel, Kashibhai Bhikha- 
King, Alfred George. bhai. 
Lamerton, Henry, Pullein, John. 

(Eng.). Sard, Percy John. 


Watkin, Harold. 


B.Sc. 


Student to Associate Member. 
Pope, John Wilson, B.Sc. 
(Eng.). 


Andrew, Thomas Stuart. 
Cheel, Edgar Stracey, 


B.Sc. (Eng.). Redshaw, Crispin Charles. 
Emerson, Samuel James, Sammons, George Hands- 
M.Eng. comb. 


Gale, Bernard Robert. Telfer, Frank Phillips G. 
Long, Herbert Howard. Vincent, Stephen Clement. 
Mackersey, Colin Alloyne. Waggott, William Norman. 


Watson, Edward Percy. 


Student to Graduate. 


Baldwin, Norman Victor. Parkin, Geoffrey William, 


Black, Richard Henry. B.Eng. 
Griffiths, Patrick Edwin Rolleston, Owen Molony. 
A Smith, Arnold James. 


Hadfield, Tom. 

Joyce, Esmond Lionel. 
Moody, Harold Thomas. 
Murray, Kenneth George. 


Voit, Reginald Austin. 

Walker, Gerald Nicholson, 
B.Sc. 

Walton, Edward Soilieux. 


A list of donations to the Benevolent Fund (see 
vol. 64, page 1200) was taken as read and the thanks of 
the meeting were accorded to the donors. 

A papér by Messrs. J. R. Beard, M.Sc., Member, and 
T. G. N. Haldane, B.A., Graduate, entitled '' The 
Design of City Distribution Systems, and the Problem 
of Standardization," was read and discussed. On the 
motion of the President a vote of thanks to the authors 
was carried with acclamation, and the meeting terminated 
at 8 p.m. 
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Honorary Member. 

At the Ordinary Meeting held on the 4th November, 
1926, the President announced that the Council had 
elected Senatore G. Marconi, G.C.V.O., LL.D., D.Sc., 
to be an Honorary Member of the Institution. 


Subscriptions of Retired Members. 


Under Bye-law 40 of the Institution, the Council 
have made the following Rule :— 


'" Any Corporate Member who has reached the 
age of 65 and has retired from the practice of his 
profession or business, may apply to the Council to 
remit or reduce his future annual subscriptions, 
provided that his membership of the Institution 
has been continuous for at least 25 years. If his 
request be granted, he may, nevertheless, be 
required to pay, at a rate to be determined by the 
Council from time to time, for such publications of 
the Institution as he may wish to receive.” 


Committees 1926-27. 


Among the Committees appointed by the Council 
for 1926-27 are the following :— 


INFORMAL MEETINGS COMMITTEE. 


The President (ex officio). 


Mr. A. H. Allen. Mr. F. Pooley. 
Mr. J. W. Beauchamp. Mr. W. Riggs. 
Mr. W. E. Highfield. Mr. J. F. Shipley. 
Mr. C. L. Lipman. Mr. M. Whitgift. 


Mr. H. T. Young. 


Lt.-Col. K. Edgcumbe, R.E. (T.A.) (representing the 
General Purposes Committee). 

The Chairman of the Papers Committee. 

The Chairman of the London Students' Section. 


LIBRARY AND MUSEUM COMMITTEE. 


The President (ex officio). 


Col. R. E. Crompton, C.B. Mr. W. M. Mordey. 
Major E. O. Henrici, R.E. Mr. R. W. Paul. 


(Ret.). Col. T. F. Purves, O.B.E. 
Mr. A. J. Stubbs. 
LocAL CENTRES COMMITTEE. 
The President (ex officio). 

Lt.-Col. K. Edgcumbe, Col. T. F. Purves, O.B.E. 

R.E. (T.A.). Prof. S. P. Smith. 
Mr. J. S. Highfield. Mr. S. J. Watson. 
Mr. A. Page. Mr. W. B. Woodhouse. 


And the Chairman of each Centre and Sub-Centre. 


NOTES. 


' SCIENCE ABSTRACTS ’’ COMMITTEE. 
The President (ex officio). 


Mr. LI. B. Atkinson. Mr. W. M. Mordey. 

Mr. W. E. Highfield. M-. C. C. Paterson, O.B.E. 
Mr. J. Guild .. | Representing the Physical Society 
Dr. D. Owen of London. 


SuiP ELECTRICAL EQUIPMENT COMMITTEE. 
The President (ex officio). 


Mr. A. G. S. Barnard. Mr. J. F. Nielson. 
Mr. J. H. Collie. Mr. N. W. Prangnell. 
Mr. B. M. Drake. Lt.-Col. A. P. Pyne. 
Mr. R. Grierson. Mr. P. Rosling. 
Mr. A. Henderson. Mr. S. G. C. Russell. 
Mr. J. W. Kempster. Mr. T. A. Sedgwick. 
Mr. S. W. Melsom. Mr. H. D. Wight. 
And Representing 

Sir W. S. Abell, 

K.B.E. .. .. * Lloyd's Register of Shipping. 
Mr. H. Ruck Keene f 


Mr. T. Carlton 
Mr. W. Cross 


Board of Trade. 

Electrical Contractors’ Associa- 
tion. 

British Corporation for the Sur- 
vey and Registry of Shipping. 

Institution of Engineers and 
Shipbuilders in Scotland. 

Electrical Contractors’ Associa- 
tion of Scotland. 

Institution of Naval Architects. 

N.E. Coast Institution of Engi- 

.. (|. neers and Shipbuilders. 


Mr. J. Foster King 


Mr. J. Lowson 


Mr. A. W. Stewart 
Mr. H. Walker, 
O.B.E. 


WIRING RULES COMMITTEE. 
The President (ex officio). 


Mr. LI. B. Atkinson. Mr. P. V. Hunter, C.B.E. 
Mr. H. J. Cash. Mr. S. W. Melsom. 

Mr. A. C. Cockburn. Mr. J. F. Nielson. 

Mr. J. R. Cowie. Lt.-Col. A. P. Pyne. 

Col. R. E. Crompton, C.B. Mr. E. Ridley. 

Mr. W. Cross. Mr. S. G. C. Russell. 

Dr. C. C. Garrard. Mr. C. P. Sparks, C.B.E. 
Mr. R. Grierson. Mr. A. L. Taylor. 


A nd 


Mr. B. M. Drake 


Sir T. O. Callender 
Mr. J. F. W. Hooper 
Mr. J. Howard Blood 

Mr. E. B. Hunter .. n Offices Committee. 


Representing 
Contractors (unofficially). 


\ cable Makers (unofficially). 


Mr. W. B. Trafford 
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And 
Mr. E. G. Batt 
Mr. H. H. Berry 
Mr. J. R. Dick s 
Mr. A. R. Everest .. 
Mr. C. Rodgers, 
O.B.E., B.Sc., 
B.Eng. .. i 
Mr. W. F. Bishop .. 
Mr. F. R. Bal- 


Representing 


British Electrical and Allied 
Manufacturers’ Association. 


Cable Makers’ Association. 
Independent Cable Makers’ As- 


dock : T sociation. 
Mr. W. R. Rawlings | Electrical Contractors’ Associa- 
Mr. S. H. Webb tion. 


Mr. R. A. Ure A Contractors’ Associa- 

tion of Scotland. 

Conference of Chief Officials of 
the London Electric Supply 
Companies. 

Mr. E. T. Ruthven \ Incorporated Association of Elec- 
Murray .. -.j tric Power Companies. 

Mr. J. Christie -. | Incorporated Municipal Electri- 

Mr. F. W. Purse cal Association. 

Mr. A. Kirk 7 f Association of Supervising Elec- 

| tricians. 


Mr. O. M. Andrews 


WIRELESS SECTION. 


The Committee of the Wireless Section for 1926-27 
is constituted as follows :— 


Professor C. L. Fortescue, O.B.E., M.A. (Chairman). 


The President (ex officio). 


Major B. Binyon, O.B.E., Mr. C. F. Phillips. 

M.A. Captain H. J. Round, M.C. 
Mr. P. R. Coursey, B.Sc. Mr. E. H. Shaughnessy, 
Captain P. P. Eckersley. O.B.E. 

Dr. R. V. Hansford. Mr. G. Shearing. 

Captain N. Lea, B.Sc. Commander J. A. Slee, 
Professor E. Mallett, D.Sc. C.B.E., R.N. 

Mr. S. R. Mullard, M.B.E. 


Mr. A. J. Stubbs (representing the Council). 

Colonel T. F. Purves, O.B.E. (representing the General 
Purposes Committee). 

The Chairman of the Papers Committee (ex officio). 


And Representing 
Major G. Harrison, RM. .. Admiralty. 
Lt.-Col. A. G. Lee, M.C., B.Sc. T Post Office. 
Lt.-Col. H. P. T. Lefroy, D.S.O., M.C. Air Ministry. 
Lt.-Col. A. C. Fuller, O.B.E., R.C.S. War Office. 


Representatives of the Institution on Other 
Bodies. 
The following is a list of representatives of the 
Institution on other bodies, and the dates on which 
they were appointed :— 


Birmingham Chamber of Commerce : 
Mr. S. T. Allen (27 Mar., 1919). 

Bradford Public Libraries Committee: 
Mr. T. Roles (27 Feb., 1919). 


Bristol University : 
Mr. H. F. Proctor (8 Jan., 1925). 


British Cast Iron Research Association: 
Mr. E. B. Wedmore (25 Sept., 1924). 


British Electrical and Allied Industries Research Associa- 
tion : 
Mr. Ll. B. Atkinson (2 April, 1919). 
Mr. R. W. Paul (21 Jan., 1926). 
Mr. R. T. Smith (30 Oct., 1919). 
Mr. C. P. Sparks, C.B.E. (20 Nov., 1924). 
Mr. W. B. Woodhouse (5 Mar., 1925). 


Sectional Committee on Electric Control Apparatus 
Research : 
Major H. C. Gunton (2 Feb., 1921). 
Mr. W. E. Highfield (19 Mar., 1925). 


British Electrical Development Association: 


Mr. R. A. Chattock (5 Feb., 1925). 
Captain J. M. Donaldson, M.C. (4 Feb., 1926). 
Mr. W. R. Rawlings (17 Jan., 1924). 


Advisory Exhibition Committee : 
Mr. Ll. B. Atkinson (30 Sept., 1926). 


Electric Vehicle Committee : 


Col. R. E. Crompton, C.B. (22 Oct., 1925). 
Mr. W. R. Rawlings (22 Oct., 1925). 


Sub-Committee on Constitution : 
Capt. J. M. Donaldson, M.C. (4 Dec., 1924). 


British Engineering Standards Association: 
Main Committee ; 
Mr. L1. B. Atkinson (21 Jan., 1926). 
Col. R. E. Crompton, C.B. (21 Jan., 1926). 
Mr. C. P. Sparks, C.B.E. (21 Jan., 1926). 


Sectional Electrical Committee : 


Lt.-Col. K. Edgcumbe (5 Mar., 1925). 
Mr. F. Gill, O.B.E. (21 May, 1914). 
Mr. J. S. Highfield (21 May, 1914). 
Mr. R. T. Smith (21 May, 1914). 

Mr. W. B. Woodhouse (19 Dec., 1918). 


Sectional Committee on Ball and Roller Bearings : 
Mr. W. M. Selvey (26 July, 1921). 


Sectional Committee on British Standards in Colonial 
and Foreign Trade : 


The President (ex-officio). 
Sectional Committee on Colliery Requisites : 
Mr. C. T. Allan (3 July, 1924). 
Birmingham Regional Committee : 
Mr. C. Jones. 
Glasgow Regional Committee : 
Mr. F. Anslow. 


Manchester Regional Committee : 
Mr. W. T. Anderson. 


Newcastle Regional Committee : 
Mr. S. A. Simon. 
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Sheffield Regional Committee : 
Mr. M. Wadeson. 


Sub-Committee on Mining Electrical Plant : 
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Dr. W. H. Eccles, F.R.S. (4 Aug., 1920). 
Dr. J. Erskine-Murray (3 July, 1924). 


Smoke Abatement League of Great Britain: 
Mr. H. C. Lamb (8 April, 1926). 
Mr. S. J. Watson (8 April, 1926). 


Union of Lancashire and Cheshire Institutes (Panel for 
Engineering  : 
Mr. A. P. Fleming, C.B.E. (28 Feb., 1924). 
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THE DESIGN OF CITY DISTRIBUTION SYSTEMS, AND THE PROBLEM 
OF STANDARDIZATION. 


By J. R. Bearp, M.Sc., Member, and T. G. N. HarpawE, B.A., Graduate. 
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SUMMARY. 


It is believed that the future will bring a rapid growth 
of load and that this makes the present a suitable moment 
to analyse city distribution methods, settle a policy of de- 
velopment and consider the possibility of standardization. 

The main object of the paper is, therefore, to design a 
svstem suitable for adoption as a standard and to consider 
how far existing systems may gradually be brought into 
line with it. 

The various sections of a city distribution svstem are 
reviewed in sequence from the consumer to the main trans- 
mission system (or local power station) under the following 
headings, particular attention being given to the design of a 
system lay-out which facilitates expansion to deal with 
growing load :— 


(a) The type and voltage of current to be delivered to the 
consumers. 

(b The general lay-out of the low-voltage distribution 
system. 

(c) The general lay-out of the high-voltage distribution 
system for feeding the low-voltage system through 
transforming centres. 

(d) The voltage to be adopted for supplying the trans- 
forming centres from the main substations on the 
transmission system. 

(e) The size and spacing of transforming centres. 


The desirable characteristics are then summarized so as 
to outline the proposed “standard” system. Suggested 
standards are also laid down for the capacity of the individual 
parts in areas of different twpe and load density. 

The above is followed bv three short studies, based on the 
detailed calculations necessitated by the main investigation. 
These deal with (i) the relative costs of the different elements 
of the distribution system, (ii) the effect of load density on 
the cost of distribution, and (iii) the relative costs of direct- 
current and alternating-current distribution. 

In conclusion, some consideration is given to the general 
question of bringing existing city distribution systems into 
line with the proposed standard system with the object of 
attaining, ultimately, complete standardization of distribution 
throughout the country. 


TABLE OF CONTENTS. 
Introduction. 
Limitations affecting design of '' standard " system. 
Load density to be catered for. 
General basis of investigation. 
Type and voltage of current supplied. 
Type of low-voltage distribution system lay-out. 
Provision for extension. 
Voltage-drop. 
Type of low-voltage cables and method of laying. 
Comparison of drawn-in and armoured systems. 
Unarmoured cables laid direct. 


TABLE OF CoNTENTS-—conlinued. 


Type of high-voltage distribution system lay-out. 
Radial system. 
Interconnected system. 
Comparison of radial and interconnected systems. 
Voltage of high-voltage system. 
Spacing of transforming centres. 
General description of the ''standard " distribution 
system. 
Analysis of distribution costs. 
Variation of cost of distribution with load density. 
Comparison of “standard”? system with the direct- 
current system. 
Standardization of existing systems. 
Standardization of voltage. 
Standardization of type of current. 
Standardization of type of system. 
Conclusion. 


INTRODUCTION. 


This paper is based on the belief that the future of 
electricity supply, particularly as regards the domestic 
load, will bring, not a slow development, but a rapid 
growth which will at least double and possibly quadruple 
existing loads within the next 10 years. Among the 
grounds for such a belief is the more extended adoption 
of a vigorous sales policy in place of the '' take it or 
leave it’’ attitude which has been too common in the 
past. It is gradually being realized that electricity 
must, like other commodities, be sold with due regard 
to the psychology of the consumer. The stimulus of 
such factors as two-part taritfs, assisted wiring and 
gradual payment, coupled with the increasing interest 
of the public in anything which reduces domestic labour, 
are already beginning to cause existing distribution 
systems throughout the country to be overtaxed, and 
there is no doubt that in many cases large and radical 
extensions must shortly be made. Piecemeal extensions 
without any definite plan, such as have sufficed in the 
past, will be quite inadequate to meet the new situation. 
What is happening in the more progressive undertakings 
will undoubtedly become general as soon as the success 
of the new sales policy becomes evident. 

The authors, therefore, believe that the present is an 
opportune time for distribution engineers to take stock 
of the present position with the object of anticipating 
the conditions to be met in the course of the next few 
years. In the past distribution engineers have followed 
many diverse paths, and this was no doubt inevitable 
in a new and growing industry. But the time has 
arrived when these pioneering efforts should be analysed, 
the good points of each selected and a sound engineering 
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basis laid down for dealing with the larger loads of the 
future. 

This is the more necessary because, as usually happens, 
pioneering is being paid for bv lack of standardization. 
The importance of standardization in reducing costs is 
gradually becoming apparent, due largely to the work 
of the British Engineering Standards Association and 
to the introduction of mass production in industry. 
There is already general agreement that standardization 
of distribution systems is a desirable ideal, and many 
authorities consider that it would have a larger influence 
than anything else in cheapening and extending elec- 
tricity supply. In particular the general adoption of a 
standard. distribution voltage would greatly assist the 
development of the industry by allowing mass produc- 
tion to be applied to the manufacture of domestic 
apparatus and by simplifying for the consumer the 
purchase, use and interchangeability of apparatus. The 
ideal is that the consumer should never be troubled with 
technical questions of voltage or type of current, just as 
a gas consumer is never troubled with questions of 
pressure or calorific value. A first essential in studying 
the possibility of such standardization is to settle the 
engineering basis on which it should take place and to 
form some idea of the effects of the modifications which 
would be necessary to existing systems. 

This paper has therefore two main objects. The first 
is to lay down the general outlines of the best type of 
distribution system to adopt as a standard for lighting 
and small power supplies in an urban area where no 
limitations are imposed by existing plant. The second 
is to urge the adoption of such a '' standard system ” for 


all large new developments and the gradual modification ` 


of existing systems so as to conform as far as practicable 
to the standard, with the object of attaining ultimately 
complete standardization throughout the country, par- 
ticularlv as regards voltage and type of current. 

The paper deals only with distribution systems in 
large cities supplying consumers at low or medium 
voltage. Questions of main transmission, high-voltage 
supplies to individual consumers and rural distribution 
are not discussed as these constitute quite distinct 
problems in themselves. 

Limitations affecting design of '' standard '' system.— 
There are a number of limitations to which the ideal 
standard system must be subject in this country. These 
are embodied in various regulations of the Electricity 
Commissioners, the Home Office and the Local Authori- 
ties. The most fundamental limitations are :— 

(1) The pressure to earth of any conductor on con- 
sumers' premises must not exceed 250 volts, except 
under very special conditions. 

(2) The ordinary domestic consumer must be supplied 
at a voltage not exceeding 250. Two or more separate 
two-wire supplies from different poles or phases of a 
niedium-pressure system may, however, be given under 
certain restrictions. 

(3) The consumers' voltage must be continually main- 
tained within + 4 per cent of the declared voltage. 

(4) Overhead construction in city areas would meet 
with strenuous public opposition, while the various 
restrictions would probably make any saving in such 
areas very small. 


(5) Above-ground sites for installing substation plant 
are, in many districts, either difficult to obtain or are 
prohibitive in cost. 

(6) The restrictions on the frequent opening-up of 
streets, and on the length which can be opened at one 
time, are already stringent and are likely to be made 
more so. 

(7) The street lay-outs are not symmetrical and the 
streets are already largely occupied with gas and water 
pipes and sewage works. 

(S) The prospective consumers represent a wide range 
of load demand, both in magnitude and kind. 

Load density to be catered for.—4 preliminary study of 
existing and prospective load densities in city areas 
indicates that it is desirable to investigate the design of 
the standard system for load densities ranging from 
about 400 to at least 25 000 kW per square mile—these 
figures representing the demand on the main substation 
at time of peak. An estimate of present conditions has 
been made for the Administrative County of London 
and also for 20 typical county boroughs in various parts 
of the country. Lor the Administrative County of 
London it is assumed that half the units sold for light, 
power and heat are distributed at low voltage, and on 
this basis the average load density works out at rather 
over 2000 kW per square mile. For the 20 county 
boroughs it is assumed that all domestic supplies and 
a quarter of the power supplies are distributed at low 
voltage, and this gives a load density approaching 
500 kW per square mile. These figures are the average 
for large areas and, of course, much higher figures 
obtain locally. Over individual square miles figures of 
the order of 10 000 kW are reached in many instances, 
and in the exceptional case of the City of London the 
figure approaches 50 000 kW. Bearing in mind Sir John 
Snell’s estimate (in his recent Address to the Engineering 
Section of the British Association) that, on a conser- 
vative basis, the existing sales of electricity will reach 
7 times the present figure by 1950, it will be seen 
that the assumed upper limit to the range of load 
density is by no means on the high side; it will in fact 
be definitely too low for a few exceptional areas. 

It is, of course, not so much a question of designing 
the most economical systems for a range of load densities 
as of determining what is the best svstem to put down 
now for a certain initial densitv, having in view that 
it must be expanded as time goes on to deal with many 
times the original figure. On the basis of an annual 
increase of load of 15 per cent, the load densitv will 
approximately double in each 5-year period. It is, 
therefore, advisable to look ahead for 15 years and to 
assume that the system would be laid down in the first 
instance with sufficient capacity in its main elements to 
deal with the load densities which may be anticipated 
during the first 5 vears, and that, by suitable modifica- 
tions, it can have its capacity doubled to deal with the 
second 5-year period and redoubled to deal with the 
third 5-year period. These three 5-year periods are 
referred to as Stages I, II and III. It must, further, 
be kept in mind that after the end of Stage III the 
svstem must still be capable of further extension with- 
out drastic modification. 

Four types of area have been considered, which are 
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referred to as types “ A,” “ B,” “C” and “ D." These 
four types are assumed to correspond to four capacities 
for consuming electricity, both immediately and in the 
future. The figures of load density which have been 
assumed for these areas are given in Table 1. These 
are expressed in kVA because preliminary investigations 
confirm that the standard system should be alternating 
current and, of course, it is the kVA and not the kW 
which is the determining factor in the design of an a.c. 
system. 

General basis of investigation.—It is assumed, as being 
generally accepted, that any practicable system in a 
large urban area will have the following essential 
features. Energy will be delivered from the generating 
stations as three-phase current at 50 cycles to a trans- 
mission system feeding a limited number of ‘ main 
substations," from which it will be distributed at a 
high voltage to numerous “‘ transforming centres ” 
feeding low-voltage networks from which supplies will 
be given to the consumers. 

Fixed charges (i.e. interest on capital, rates, depre- 
ciation, Maintenance) make up the greater proportion 


TABLE 1. 


Load density per square mile (kVA maximum load 
at main substation) 


Type of 
area 
om En 

Initially | Sager | Stage TI | Stage III 
A 500 1 000 2 000 4000 
B 1 000 2 000 4 000 8 000 
C 2 000 4 000 8 000 16 000 
D 4 000 8 000 16 000 32 000 


of distribution costs and, for the purpose of this general 
investigation, they have been taken as 12 per cent of 
the capital expenditure. It would not, however, be 
correct to base decisions on fixed charges alone. The 
vital figure is the total annual cost, which is the sum 
of the fixed charges and the value of the loss of energy 
in the cables and transformers. For this purpose the 
value of losses has been taken as about three-quarters 
of a normal bulk-supply price from a modern station. 

The cost of excavation and reinstatement varies 
widely in different areas. Fortunately, although it 
forms such a large part of distribution costs, it does 
not appreciably affect the difference between the costs 
-of alternative systems, because it is largely common to 
them all. It is, however, convenient to include it so as 
to obtain figures for overall distribution costs. For this 
purpose minimum and maximum figures for a city district 
have been taken, and it is assumed that between these 
limits the cost varies in proportion to the initial load 
density in each type of area. 

There are four important variable factors which can 
only be empirically allowed for in a theoretical investi- 
gation. The first is that the run of the cables must 


the third is the uneven distribution of load; and the 
fourth is diversity factor. 

As an approximation it is assumed that the streets 
form a rectangular network with the individual streets 
at such a spacing as to give about the same mileage of 
pavement per square mile of area as is found in practice. 
An allowance has also been added to cover deviation 
from this rectangular plan. 

From an examination of areas which are already 
partially developed it seems reasonable to assume that 
the ratio of mileage of distributor to mileage of pave- 
ment can be taken as about half at low load densities, 
rising gradually to nearly unity at very high load 
densities. 

Uneven distribution of load has been taken care of by 
allowing a reasonable margin in the capacity of the 
various items of plant and cables. 

Due to diversity, the sum of the demand on sections 
of the system will continually increase from the main 
substation to the consumer. The sum of consumers' 
connected load is generally recognized to be of the order 


. of 2] times the maximum power-station demand, but 


follow the run of the streets, which generally do not . 


follow any uniform lay-out; the second is the ratio of 
the mileage of distributor to the mileage of pavement ; 


for the smaller loads dealt with by low-voltage distri- 
bution the figure is higher and should increase as elec- 
tricity becomes more widely used. The growth of the 
domestic heating and cooking load should have an 
especially large influence in increasing the diversity 
factor.* Suitable diversity factors for the various sec- 
tions of the system have been assumed, each of which 
varies with the density of load considered. 


TvPE AND VOLTAGE OF CURRENT SUPPLIED. 


Alternating current on the three-phase four-wire 
system with a voltage of 400 between phases and 230 
between phases and neutral is suggested as the most 
suitable standard. 

The three-phase four-wire system is at least as eco- 
nomical in copper as any other method for giving 
domestic single-phase supplies at a given voltage to 
earth, and the three-phase system is also the most suit- 
able method for supplying industrial power. With the 
single-phase three-wire system either the more expen- 
sive and less convenient single-phase motor would have 
to be used by consumers, or else a separate three-phase 
network would have to be laid down in areas with large 
power loads. A single network of mains serving both 
purposes obviously costs much less than two networks 
of the same total capacity, and, further, there is diversity 
between the power and domestic loads, so that the total 
network capacity may be less. 

At the present time alternating current meets the 
needs of consumers quite as well as, if not better than, 
direct current, except for a very few special types of 
motor drive. The latter can always be dealt with by 
local conversion and should not be allowed to affect the 
general decision. An investigation has been made of 
the comparative costs, for the conditions assumed, of 
three-phase four-wire alternating-current and three-wire 


* A detailed investigation of the diversity of cooking load is given in a 
Report of the Domestic Cooking and Water Heating Committee of the National 
Electric Light Association (of America), 1925-26. Tests on groups of 1950 
cookers in urban and rural areas each gave a diversity factor of 4:3 with little 
seasonal variation. This factor represents the ratio of the sum of the indi- 
vidual peak demands to the peak demand of the group. The peak demands 
of the groups varicd from 12 to 15 per cent of the installed caparity. 
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direct-current distribution. 
it is found, as will be seen later, that the expensive 
converting plant required with the direct-current system 
would increase the overall distribution costs by from 20 to 
40 per cent—depending on the load density—even after 
making full allowance for the saving in labour charges 
due to the modern automatically operated substation. 
There would also be difficulty in finding suitable accom- 
modation for the converting plant in congested areas. 

Having decided on an alternating-current three-phase 
four-wire system it would be permissible to adopt 
voltages of 435/250 and, taking the distribution system 
as a whole, this would theoretically save some 2 per cent 
as compared with the proposed voltages of 400/230. 
This theoretical advantage is, in the authors’ opinion, 
much more than balanced by practical considerations. 
It is now realized that the standardization of consumers’ 
voltage is a very important factor in developing the use 
of electricity and in cheapening electrical appliances. 
Such standardization has been one of the factors in the 
great progress which has been made in America. The 
British Engineering Standards Association have recently 
decided, after prolonged. consultation with the various 
branches of the industry, to adopt as a standard 400/230 
volts, and it is understood that the Electricity Com- 
missioners will require all new systems to conform with 
this new standard. It is also a sufficiently good com- 
promise between the numerous existing voltages in the 
country to render it quite within the bounds of possi- 
bility that, as the benefits of standardization are more 
widely realized, the bulk of existing undertakings in the 
country may eventually bring their systems into con- 
formity with it. 


TYPE or Low-voLrAGE DISTRIBUTION SYSTEM 
LAY-OUT. 

The transforming centres, at which the low-voltage 
distribution system is fed from the high-voltage distri- 
bution system, have been assumed to be arranged in 
chessboard fashion, each centre feeding a self-contained 
low-voltage network covering an area in the form of a 
square the length of side of which corresponds to the 
spacing of the transforming centres. Provision is made 
by means of link boxes for couplings with adjacent areas 
in case of emergency or to deal with changes in the 
distribution of load. 

There is no difficulty in working on the low-vultage 
mains while they are alive, and under modern conditions 
the risk of serious breakdown is very small. Conse- 
quently, it is permissible to design the low-voltage 
networks on the basis of non-duplicate supply, both to 
individual consumers and to sections of the area, and 
for such conditions a radial type of network is most 
economical. A certain number of link boxes would, 
however, be provided so as to make it possible to split 
up individual sections and to feed these split-up portions 
from other sections. This provision would enable 
supplies to be resumed quickly after a network fault, 
except in its immediate vicinity. 

There are two general methods of laying out such a 
network and these are shown in Fig. 1. In both types 
the general distribution to groups of consumers is done 
from distributors and these must necessarily be laid 


For the same lamp voltage | 


along every pavement in the area. In what may be 
called the ''distributor" type of network a certain 
proportion of the distributors have their section increased 
sufficiently to carry the load to the remaining distri- 
butors, in addition to their own load. These larger 
distributors will be referred to as '' main distributors ” 
and the others as '' sub-distributors.”’ 

In what may be called the “ feeder ” type of network 
the area is divided into a number of smaller areas, the 
distributors in each of which are fed by a direct feeder 
from the transforming centre. The feeder tvpe neces- 
sitates a greater mileage of cable and a greater average 
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Fic. ].—Alternative types of low-voltage network. 
(a) Fecder type; (5) Distributor type. 


distance of low-voltage transmission. Its chief advantage 
is the possibility of compensating for the voltage-drop 
in the feeders by voltage regulators at the transforming 
centre. For the sizes of area which, as will be seen later, 
are the most economical, it is found cheaper to deal with 
excessive voltage-drop bv additional copper than bv 
voltage regulators. If this is so the additional copper 
is still more advantageous in the distributor type. For 
the assumed conditions, the distributor type of network 
is therefore preferable and it is assumed throughout the 
remainder of the investigation. 

Provision for extension.—A further advantage of 
the distributor tvpe of network is that it can deal 
with increased load with the minimum of modification. 
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to the cable system. It is obviously much preferable to 
deal with the increased load by increasing the number 
of transforming centres rather than by strengthening 
up the cable network. Fortunately this is assisted by 
the fact that, as will be seen later, it is possible to adopt 
a standard capacity of transforming centre over a large 
range of load density without appreciable sacrifice of 
economy. The way in which the standardized trans- 
forming centre, in conjunction with the distributor type 
of network, lends. itself to dealing with growing load 
will be clear from the diagrams in Fig. 2 which show the 
most desirable lay-outs of the low-voltage network for 
the three stages of development which we have con- 
sidered. It will be seen that the transition from one 
to the other as the load density increases is quite a 
simple matter, and the diagrams show how the additional 
transforming centres are gradually added and how the 
sectioning points between adjacent networks are 


ing centres are widely spaced and, therefore, the 
permissible voltage-drop plays an important part in 
settling the size of the cables which are to be em- 
ployed. It has been assumed throughout that, under 
the worst conditions, the drop in the low-voltage cable 
should not exceed 6 per cent, which is three-quarters 
of the maximum permissible variation of 8 per cent. 
The remaining 2 per cent is allowed to cover drop in the 
high-voltage system and transformers. These maximum 
drops would only occur at the outer fringe of the various 
areas and just prior to the capacity of the system being 
increased ; the average voltage regulation on the net- 
work would be much better. 

Under the assumed conditions the limitation of the 
voltage-drop necessitates an increase in the amount of 
copper in the cables, beyond the amount which would 
be most economical in total costs, when the distance 
between transforming centres exceeds one-third of a mile. 
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Fic. 2.—Diagram showing standard low-voltage network and method of expanding its capacity as load increases. 
(Additional transforming centres and cables at each stage shown dotted.) 


gradually modified. This also shows how little addi- 
tional cable is necessary at each stage, provided that— 


(a) The sub-distributors are in the first instance 
put in large enough to deal with the maximum 
anticipated load density, and 

(b) A uniform size of main distributor is used 
throughout a given area. 


The first requirement does not add appreciably to 
the cost in the early stages if short sub-distributors 
are used, and the second is desirable in the interests of 
standardization. 

The extra capacity is obtained from the main distri- 
butors in two ways. In some instances the additional 
transforming centres allow of feeding the main distri- 
butors from both ends ; in other instances their current 
density is increased as the load density increases. This 
increase of current density is permissible because, as will 
be seen later, voltage-drop conditions necessitate a 
current density at low load densities which is much 
below that permissible from the point of view of heating. 
As the load density increases, the number of trans- 

forming centres grows larger and the average distribution 
distance grows less. For the same voltage-drop a higher 
current density is therefore permissible. 

V oltage-drop.—At low load densities the transform- 


Fortunately, however, the increased capital expenditure 
is to some extent balanced by the reduction in losses, so 
that the annual charges are not seriously affected. As 
the system grows and the transforming centres are more 
closely spaced, this question of voltage-drop becomes of 
negligible importance. 

Type of low-voltage cables and method of laying.—For 
four-wire distribution there is no doubt that four-core 
cables should be used. The additional cost of making 
the neutral conductor the same size as the phase con- 
ductors is almost negligible and is desirable for two 
reasons: (1) because it makes a symmetrical and better 
cable, and (2) because it allows more latitude in 
balancing the consumers on ditferent phases. 

Three alternative methods of protecting and laying 
the cables must, in the authors' opinion, be considered. 
The first is the drawn-in system ; the second is the use 
of armoured cables laid direct in the ground ; the third 
is the use of unarmoured waterproofed cables laid direct 
in the ground with a suitable protecting cover. 

Comparison of drawn-in and armoured systems.—The 
great advantage of the drawn-in system is that it enables 
cables to be changed without going through the expen- 
sive and troublesome process of re-opening the ground. 
This, however, only applies to feeders and not to dis- 
tributors where the numerous tee and service connections 
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make it impossible to draw out old cables without 
extensive excavation and rejointing. Moreover, with 
the method of system lay-out which the authors recom- 
mend, there is little need to increase the capacity of 
cables along a particular route once they are laid, since 
growth of load is dealt with by shortening the average 
length of distributor and not by increasing its section. 

The question of ducts versus armoured cable, therefore, 
resolves itself into weighing four factors, namely, (a) ease 
of initial installation, (5) current-carrying capacity, 
(c) protection of the lead sheath from chemical, electro- 
lytic or mechanical damage, and (d) capital cost. 


(2) With the drawn-in system the ducts can be laid 
in short sections so that long lengths of trench 
need not be opened at one time. The authors 
do not consider that this point is of sufficient 
importance seriously to influence the decision 
between the two systems, unless in an excep- 
tionally congested area. Even in difficult 
positions, where it 1s impossible to get a full 
drum length of trench opened at once, low-vol- 
tage cable can be flaked without appreciable risk. 
In one respect there is an advantage in using 
armoured cable, in that it enables obstructions 
and awkward bends to be more easily avoided. 

(b) Current-carrying capacity is not important in the 
early stages of development when voltage-drop 
conditions limit the current density, but it will 
become of increasing importance as the load 
density grows. The use of ducts limits the 
current-carrying capacity in two ways, (1) by 
the blanketing effect of stagnant air round the 
cable, and (2) by the mechanical limitations due 
to the concentration of expansion and contrac- 
tion of the partially free cable at certain points, 
thus damaging the sheath. Taking both these 
points into consideration, it is probable that a 
cable laid direct in the ground can safely carry 
20 per cent more current than the same size of 
cable in ducts. 

(c) Experience shows that armouring constitutes a 
very efficient protection to cables in respect of 
likely causes of damage. Along routes where 
electrolytic damage is likely, armoured cables 
are more reliable than drawn-in cables unless 
expensive cast-iron ducts are used. 

(d) Excluding excavation, the comparative capital 
costs for cables of the same section are about 
equal for armoured cables laid direct and for 
cables drawn into ducts. The armoured cable 
laid direct will also allow an appreciable saving 
to be made in excavation costs, because the 
average depth of trench is not increased so much 
by the obstructions which are necessarily 
encountered. 


The comparison is, therefore, strongly in favour of 
the armoured cable. It will at least be no more expen- 
sive to install, its current-carrying capacity will be 
higher and its maintenance costs will be lower. 

Unarmoured cables laid direct.—The third alternative 
method which requires consideration is the use of un- 
armoured, waterproofed cables laid direct. The cost of 
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such cables, excluding excavation, is on the average about 
8 per cent less than the cost of armoured cables. This 
method of laying is already being tried in several parts 
of the country because of the economy in capital expendi- 
ture. The authors believe it is favourably considered 
bv the Electricitv Commissioners, although its general 
adoption would mean some modification to the ofticially 
approved svstems with which the various undertakers 
have to conform. From experience of its use for pilot 
and telephone cables it does not seem that the risk of 
chemical and electrolytic damage is appreciably greater 
than with armoured cables. There is naturally more 
risk of mechanical damage, but this should not be great 
as the protecting covers are sufficient to deal with most 
possible causes of mechanical damagé. Anything which 
gets through the protecting cover would, as a rule, equallv 
pierce the armour of an armoured cable or damage a 
duct. The capital cost of distribution is already so 
enormous that it is desirable to seize every possible 
opportunity of reducing it, and the authors feel that the 
adoption of unarmoured low-voltage cables with special 
waterproof coverings laid direct in the ground with a 
protecting cover is one of the most hopeful means to 
that end. It is suggested that the use of these cables 
should be considered, especially for all purely residential 
or semi-rural areas. 


TYPE oF HIGH-VOLTAGE DISTRIBUTION SYSTEM 
LAY-OUT. 


High-voltage apparatus cannot be repaired, main- 
tained or modified while alive, and any breakdown on 
it is usually complete, thus involving its being thrown 
out of commission for many hours without warning. 
Hence it is necessary, for the type of supply under con- 
sideration, that each important feed into the low-voltage 
system should be made in duplicate. The cost of giving 
the duplicate supply can be reduced to a minimum 
by operating normally with both supplies in service 
and relying upon the emergency short-time overload 
capacity of the plant on the occasions when one of the 
supplies is out of commission. It is assumed that such 
an occasional overload can be 33 per cent above the 
normal continuous capacity when dealing with the type 
of load to be expected in normal areas. 

The primary requirement of the high-voltage svstem 
is that it should ensure continuity of supply. Given 
soundly built and well designed apparatus, this is chiefly 
a question of :— 


(a) Protective arrangements which will act reliably 
in disconnecting faulty apparatus without dis- 
connecting sound apparatus. 

(b Elimination of as much switchgear as possible, 
since experience shows that switchgear failures 
are the chief cause of extensive interruptions of 
supply. 

(c) Housing and arranging apparatus so that a failure 
does not extend to the duplicate circuit. 

High-voltage systems for duplicate supply divide 

broadly into two types :— 


(i) Those employing radial parallel feeders, and 
(ii) Those employing a number of ring mains forming 
an interconnected network. 
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Simplified forms of each of these types for feeding a 
group of transforming centres from a main substation 
are shown diagrammatically in Fig. 3. These forms 
reduce the switchgear to the least possible amount, but 
can still be equipped with satisfactory protective 
apparatus. | 

Whichever form of high-voltage system be adopted, 
it is desirable to keep entirely distinct the systems fed 
from different main substations. Provision should, of 
course, be made for linking together adjacent systems 
in emergency, but these links would normally be kept 
open so that any exceptional trouble at a main sub- 
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(a) Simp! fied radial parallel-feeder high-voltage system, 
(b) Simplified intercounected feeder high-vultage system, 


station or on the high-voltage system fed from it would 
only affect that part of the area of supply. 

Radial system.—The simplest form of high-voltage 
supply is to a transforming centre immediately adjacent 
to the main substation. This would normally be dealt 
with by two circuit breakers on the high-voltage busbars 
feeding two transformers each connected through low- 
voltage switchgear to the low-voltage system. Auto- 
matic transformer protection would normally be pro- 
vided, either by the balanced method or by reverse-power 
relavs on the low-voltage side, combined with overload 
and/or earth leakage protection on the high-voltage side. 
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If the transforming centre be situate some distance 
from the main substation, former practice was to 
run two high-voltage feeders, equipped with circuit 
breakers at each end, supplying high-voltage busbars 
at the transforming centre from which duplicate trans- 
formers would be supplied in the manner just described. 
Improvements in the reliability of high-voltage cables 
and transformers have enabled this arrangement to be 
simplified. Modern practice would assume that all 
high-voltage switchgear and busbars at the transforming 
centres could be omitted and the high-voltage feeders 
treated as extended transformer connections. This is 
obviously satisfactory if the likelihood of a breakdown 
of a transformer on one feeder simultaneously with a 
breakdown on the other feeder is remote. Such a scheme 
could safely be recommended for an important supply of, 
say, 10 000 kVA capacity. 

Now consider the case where the load to be supplied 
by the transforming centre is not concentrated at one 
place but is divided into, say, five sections. A develop- 
ment of the above scheme would be to have five 
transforming centres each exactly like the single large 
transforming centre, but with the transformers of one- 
fifth the capacity, and to feed them all by one pair of 
high-voltage feeders from the main substation. One 
transformer at each of the five centres would be con- 
nected to one of the main high-voltage feeders, this 
being referred to as circuit '' A," and the other trans- 
formers would be connected to the other feeder, referred 
to as circuit ' B." There is obviously more risk of 
simultaneous breakdowns on circuits “ A" and “ B” 
because there are five times as many transformers and 
a greater mileage of high-voltage cable. No hard-and- 
fast rule can be laid down, but, in the authors' opinion, 
modern properly-designed high-voltage cables and 
transformers can be considered sufficiently reliable to 
justify taking the risk of such a simultaneous breakdown 
on a section of the system dealing with, say, 5 000 kVA 
of load of the type represented by the general detail 
distribution in a normal area. 

Another way of considering the above system is to 
look upon it as a simplified radial, parallel-feeder type 
of high-voltage network in which all high-voltage 
switchgear is omitted at the transforming centres and 
in which pairs of parallel feeders from the main sub- 
station are not interconnected. 

Interconnected system.—The type of high-voltage net- 
work which is to-day most usually adopted for general 
supply is that known as the interconnected network in 
which all sections of the high-voltage system are con- 
nected together, thus forming a number of ring mains 
which can be looped, as required, into various trans- 
forming centres. Such an interconnected system has 
been made possible by the development of balanced 
protective gear for ensuring the disconnection of any 
faulty section without any risk of the unnecessary dis- 
connection of any healthy section and, for its success- 
ful operation, pilot cables or their equivalent are required. 
For general high-voltage distribution over large areas 
interconnected networks have many advantages, such 
as ability to use larger mains having a lower cost per 
kVA of carrying capacity, ease of expansion to deal 
with growing load, and greater availability of high- 
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pressure supply fora given mileage of cable. They 
also give greater security of supply than is obtainable 
with the older forms of radial network. 

Recent developments have enabled the amount of 
switchgear on interconnected systems to be considerably 
reduced, but it is obvious that under no circumstance 
can the switchgear be entirely eliminated. The inter- 
connected system shown diagrammatically in Fig. 3 is 
of this simplified type with only one high-voltage circuit 
breaker at each transforming centre on the rings. 
There are, of course, additional circuit breakers at the 
feeding points. 

Comparison of radial and interconnected systems.— 
Two sets of general calculations have been made for 
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dotted curves refer to interconnected systems.) 


the purpose of comparing the cost of the simplified 
radial, parallel-feeder system with that of the simplified 
interconnected system, and the results of these are 
embodied in the curves in Fig. 4. The calculations 
only include the high-voltage cables and switchgear, as 
the rest of the distribution system is assumed to cost 
the same whichever type of high-voltage system be used. 

The first set deals with the type “ C ” area in which 
the initial load density is assumed to be 2 000 kVA per 
square mile, increasing by the end of 15 years to 
16000 kVA. As will be seen later, the most suitable 
output for each transforming centre in such an area is 
round about 1 800 kVA. The comparison is affected by 
the number of transforming centres which it is con- 
sidered safe to allow per pair of high-voltage feeders on 
the radial system or between feeding points on the 


interconnected system. Separate calculations have 
therefore been made of radial systems with groups of 
one, two, three, four and five centres per pair of feeders, 
corresponding to normal loadings per high-voltage cable 
of 900, 1 800, 2 700, 3 600 and 4 500 kVA respectivelv, 
and of interconnected svstems with groups of two and 
three centres per feeder, corresponding to feeder loadings 
of 3 600 and 6 400 kVA respectively. 

The second set deals with the type ' A” area in 
which the initial load density is assumed to be only 
500 kVA per square mile, increasing by the end of 15 
years to 4 000 kVA. As will be seen later, the most suit- 
able output for each transforming centre in such an area 
is round about 800 kVA. For these smaller transformer 
centres it would seem safe to allow a rather greater ratio 
between the number of centres and the number of 
high-voltage feeders. Separate calculations have, there- 
fore, been made for groups of two, five, six, and seven 
centres per pair of feeders on the radial system, 
corresponding to normal loadings per high-voltage 
cable of 800, 2 000, 2 400 and 2 800 kVA respectively 
and for groups of four and six centres per feeder on the 
interconnected system, corresponding to normal feeder 
loadings of 3 200 and 4 800 kVA respectively. 

The number of variable factors which have to be 
brought into account are very large and only an approxi- 
mate comparison is possible. Theindication is, however, 
that for type “ C” area with groups of three or more 
centres, and for type ' A" area with groups of six or 
more centres, the radial svstem is cheaper at all stages. 

The relatively favourable case for the radial svstem 
is due to the high load densities which have to be catered 
for, the large loads at each point of high-voltage supply, 


| the high costs of street work in large cities, and, in 


general, to the special conditions which have to be met 
in high-voltage distribution in an urban area. Apart 
from cost, the possibility with the radial system of 
eliminating high-voltage switchgear, except at the main 
substations, is a great advantage and may be set against 
the greater flexibility of the interconnected system. 

Although the radial system saves some 10 to 20 per 
cent of the cost of the high-voltage cables and switch- 
gear, it will be seen later that these items only form 
some 10 to 15 per cent of the total distribution costs. 
The decision must, therefore, be largely influenced by 
the relative security of supply afforded by the two 
systems. In the authors' opinion, for the conditions 
considered there is little to choose. The radial system 
is, perhaps, more liable to have simultaneous trouble on 
both circuits supplying a group of transforming centres, 
and thus, on rare occasions, to cause a failure of supply 
over a considerable area. The interconnected system, 
on the other hand, will probably result in a greater 
number of shut-downs of individual transforming centres 
and a greater number of '' consumer-hours " of inter- 
ruption of supply. 

On the grounds of simplicity, ease of operation and 
lower cost, the authors therefore prefer the radial system 
with three or four transforming centres per pair of 
feeders for the normal type of urban area with relatively 
high load density. At the same time they appreciate 
that in suburban areas, local geographical considerations 
or uneven distribution of load may favour the inter- 
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connected system. This indeed may apply to any area 
which contains a large number of prospective large 
power consumers who will each require a high-voltage 
supply. 

If the radial system be employed, the use of duplicate 
transformers in the transforming centres requires further 
consideration. 

As the loads to be supplied are not concentrated 
at the transforming centres, but are each the sum- 
mation of small loads on a low-voltage distribution 
network, it may be preferable to separate the trans- 
formers so as to feed the network at two points. This 
would improve the voltage regulation under normal 
conditions. Against this are two disadvantages. First, 
the voltage regulation would be worse under abnormal 
conditions when one transformer has to deal with the 
whole load, and secondly, additional low-voltage copper 
would have to be provided between the two non- 
duplicate transforming centres to enable them to act 
as stand-by to each other. For these reasons the 
authors consider that, in general, single centres with 
duplicate transformers should be used, but there may 
be special conditions which make the alternative method 
preferable in certain instances. 


VOLTAGE OF HIGH-VOLTAGE SYSTEM. 


Consideration has been given to three possible alter- 
native voltages for the cables from the main substations 
to the transforming centres where the voltage is stepped 
down to 400. These are :— 


(1) The voltage of the main transmission system 
(usually 33 000 volts). 

(2) 11 000 volts. 

(3) Some still lower voltage such as 3 300 volts. 


The calculations show that, after eliminating the costs 
which are not affected by the design of the high-voltage 
Svstem, the respective total annual costs for the three 
alternatives at a load density of 4 000 kVA per square 
mile are in the proportion of 100, 102 and 113. The 
disparitv will become larger as the load density is 
increased. 

It is evident that the choice rests between the first 
two alternatives and that, financially, there is a slight 
saving in favour of the first alternative. On the other 


hand, the comparison would be slightly in favour of | 


the second alternative if it were made on the basis of 
capital costs only, ignoring losses. Apart from the 
financial aspect the first alternative undoubtedly makes 
for a simpler system as it eliminates one complete 
transformation of energy and reduces the number of 
transforming centres. 

The chief disadvantage of direct distribution at the 
transmission voltage is that the reliability of the cables 
is not yet equal to that of 11 000-volt cables, and a fault 
takes much longer to repair. There are, however, a 
number of minor disadvantages which must be con- 
sidered and which may be summarized as follows :— 


(a) Any fault on the distribution system would be 
felt as a direct shock on the transmission system 
and power stations. With 11 000-volt distri- 
bution the step-down transformers at the main 
substations have a '' buffer ” effect. 
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(b) The economy of using the main transmission 
voltage for distribution depends entirely on the 
use of a radial network from which all high- 
voltage switchgear outside the main substations 
is eliminated. In certain circumstances an 
interconnected system may be more convenient, 
and, while there is not a great deal to choose 
between the costs of radial and interconnected 
systems at 11000 volts, there is a large ditfer- 
ence at higher voltages. 
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Fic. 5.— Curves of annual costs of distribution per kVA for 
different load densities and transforming-centre spacings. 


(c) Switchgear for an 11000-volt system can, if 
necessary, be accommodated in street boxes; 
this would not be possible or desirable with 
switchgear at higher voltages. 

(d) The transforming centres, and therefore the 
corresponding local low-voltage networks, are 
larger. Consequently a larger number of con- 
sumers would be affected should any combina- 
tion of breakdowns involve the complete 
interruption of supply from a transforming 
centre. 

(c) A distribution system operating at the main 
transmission voltage cannot be so readily tapped 
for high-voltage supply to large power con- 
sumers. 
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(f) In many extensive areas of supply there are out- 
lying districts where the load density must be 
very low for many years. These can be more 
economically developed at 11 000 volts so long 
as distribution must be underground. 


After thus balancing the advantages and disadvantages 
of the two systems, the authors' conclusion is that 
11 000-volt distribution is, on the whole, better suited 
for the conditions which have to be met now and in the 
immediate future. In areas which are already largely 
developed at 6 600 volts this voltage would no doubt 
be continued, as the disadvantages of a double-voltage 
system would outweigh the relatively slight saving of 
the higher voltage. 


Spacing, in miles 
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(b) The variation of total costs due to varying these 
spacings is comparatively small over a wide 
range. This is shown by the two dotted curves 
in Fig. 6 which give the upper and lower limits 
of the spacing of transforming centres for an 
increase of 24 per cent in the total annual cost. 
They show that it is possible to adopt for each 
type of area, and without departing from the 
2] per cent limits, a spacing for Stage I which 
is twice that for Stage III. This procedure 
enables a standard size of transforming centre 
to be used through all the stages of development 
of a given type of area. The standard spacings 
and sizes so arrived at for the different types 
of area are set out in Table 2. 
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Fic. 6.—Spacing of transforming centres. Curve showing variation with load densitv of most economical spacing. 
(Bounding curves represent variation in spacing for a 24 per cent increase in total costs.) ' 


SPACING OF TRANSFORMING CENTRES. 


The determination of the most economical spacing 
of the transforming centres is an involved problem as 
there are so many factors, most of which are 
mutually dependent. The only satisfactory solution 
is to make a complete study of the economics of 
the distribution system as a whole, from the main 
substation to the consumers’ services. The results 
are shown in a series of curves given in Figs. 5 
and 6. Fig. 5 shows the effect of various spacings of 
the transforming centres on the total annual cost of 
distribution per kVA for various load densities. The 
resulting most economical spacings are plotted in Fig. 6. 
The information which these give may be summarized 
as follows :— 


(a) The most economical spacing of transforming 
centres varies from about 0-7 mile at a load 
density of 1000 kVA per square mile down to 
0-2 mile at a load density of 32 000 kVA. 


The calculations show also that, if the same size of 
cable is used for all the main distributors in a given area 
and if the voltage-drop is maintained within permissible 


TABLE 2. 


Spacings and Outputs of Transforming Centres. 


Corresponding 
max. output of 
transforming centre 
at end of each stage 


Spacing of 
transforming 
centres at Stage I 


Load density at 


Type of area end of Stage I 


kVA/sq. mile miles kVA 
A ] 000 0-8 800 
B 2 000 0:7 ] 200 
C 4 000 0-6 1 800 
D 8 000 0-42 1 800 


limits, there is sufficient margin in all the main 
distributors to deal with the load at all stages of 
development. 


— 
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This detailed investigation of the complete system 
therefore confirms the assumption which the authors 
made earlier in considering whether the types of system 
lay-out which they proposed to adopt were suitable for 
gradual expansion to take care of increasing load density. 
It was then pointed out thát growth of load in a given 
area Over a period of at least 15 years could be economi- 
cally dealt with by very slight addition to the low- 
voltage system, provided that :— 


(a) The initial output of transforming centres was 
retained and their number increased. 


To other groups of 
transforming centres 
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(ii) In numerous standardized transforming cen- 
tres, from 11 000 volts to 400/230 volts for 
distribution to domestic and small-power 
consumers. 


(b) The low-voltage distribution systems fed by the 
respective transforming centres will each be 
normally self-contained. Practically the whole 
of the low-voltage cables will act as distributors, 
but a proportion of them will contain additional 
copper in order that they may act as teeders to 
the various sections of the network. 


Emergency connections 
to ne rks supplied 


by adjacen 
| transforming centres 


Main distributors to remainder of 
area fed by transforming centre 


| ®© Oilcircuit-breakers 
3$ Transformers 
TRANSFORMING X Fuses 
CENTRE eines 
400/230 voits —> Services 


Fic. 7.—Diagram of “ standard ” system. 


(b) The initial main distributors were operated, for 
voltage-drop reasons, at less than their per- 
missible current density, and 

(c) The sub-distributors were put in initially capable 
of dealing with the final load density to be 
expected. 


The actual mechanism for expanding the low-voltage 
distribution system under these conditions was shown 
in Fig. 2 and the authors find that the application of 
these methods only slightly increases the costs of the 
later stages as compared with the costs estimated on 
the basis of a specially designed system for each stage. 


«€ 


GENERAL DESCRIPTION OF THE ' STANDARD" 
DISTRIBUTION SYSTEM. 


It is now possible to summarize the main features of 
the proposed “ standard ” distribution system. Refer- 
ence should also be made to Fig. 7 which shows the 
“ standard ” system diagrammatically. 


(a) There will be only two transformations be- 
tween the main transmission system and the 
consumer :— 


(i) In large main substations, from the trans- 
mission voltage to a standard voltage of 
11 000 three-phase for distribution to large 
power consumers and to the transforming 
centres which will supply the low-voltage 
networks. 


(c) Continuity of supply will be secured by a dupli- 
cate high-voltage supply to each transforming 
centre and duplicate transformers at each 
centre. Provision will be made for alternative 
feeds to sections of the low-voltage networks in 
cases of emergency. 

(d) The high-voltage distribution systems will be of 
a simplified type, reducing switchgear to a 
minimum. Two types may be used :— 


(i) The preferred system in the areas in which 
low-voltage distribution predominates will 
be of the radial, parallel-feeder type, each 
pair of parallel feeders giving a duplicate 
supplv to from three to six transforming 
centres, the number depending upon the 
load density. Each transforming centre 
wil contain two transformers, each con- 
nected directly to one of the high-voltage 
cables. These will feed the low-voltage 
busbars in parallel through circuit breakers 
equipped with reverse-power relays ; theonly 
11000 volt switchgear will be the feeder 
circuit breakers at the main substations. 

(ii) The alternative system, which is preferable in 
areas comprising a large number of large 
power consumers each requiring a high- 
voltage supply, will be of a simplified inter- 
connected type, each ring main providing 
a duplicate supply to a number of trans- 
forming centres. Only one main 11 000-volt 
circuit breaker will normally be installed at 
each of these transforming centres. 
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AND THE PROBLEM OF STANDARDIZATION. 


(e) The low-voltage distribution cables will be four- 
core, paper-insulated and lead-covered, with 
cores of equal size. They will be armoured 
and laid direct in the groufid, or in certain 
instances in suburban areas may be unarmoured 
and waterproofed and laid direct in the ground. 

(f) The transforming centres will, where economically 
possible, be arranged above-ground on private 
property, but in congested areas they will 
sometimes be in the basements of buildings and 
sometimes arranged under the public footpath 
or roadway. 

(e) The size and spacing of the transforming centres 
wil depend on the load density of the area 
supplied. 


| 1 [Services 
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allow an analysis to be made in some detail of the relative 
importance at each of the three stages of the various 
factors which make up the total costs. The analysis 
is best shown diagrammatically and this is done in 
Fig. 8 for the type “C” area having an initial load 
density of 2 000 kVA per square mile. The comparison 
is given both on the basis of total annual costs per kVA 
and on that of total capital costs per square mile. 

The most important deductions from this analysis 
are :— 


(a) The costs which are independent of the load 
density are very large, the main item being 
the high cost of excavation for the low-voltage 
distributor cables. This accounts for the rapid 


Initial load density 2 000 kVA per square mile 
Type C area| Load density at end of stage II 16000 KVA per square mile 
Load figures are for the main substations 
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Fic. 8.—Comparative analysis of annual costs per kVA and of total capital costs per square mile at each stage. 


(4) Each system will be laid out so as to deal without 
modification with twice the initial load and so 
that, following a prearranged programme, the 
capacity can readily be extended to deal with 
8 times the initial load (i.e. 15 years of growth 
at 15 per cent annual increase). This con- 
dition of growth can be met by doubling and 
subsequently quadrupling the initial number of 

. transforming centres, which, therefore, remain 
at the original size. 

() A summary of the sizes, spacings, numbers, etc., 
recommended for the various items of plant 
forming the '" standard" system is given in 
Table 3 for each of the three stages for each of 
the four types of area. 


ANALYSIS OF DISTRIBUTION Cosrs, 
The calculations which have been made for the pur- 
pose of determining the most economical system lay-out 


rate at which the total costs per kVA decrease 
with the load density. If the load density is 
doubled, the total costs per kVA are reduced 
by about one-quarter. 

(b) The proportion of the total annual costs which is 
represented by the low-voltage system ‘including 
the transforming centres) is very large. It varies 
from over 80 per cent at StageI to about 75 per 
cent at Stage III. 


VARIATION OF CosT OF DISTRIBUTION WITH 
Loan DENSITY. 


The information derived from this theoretical study 
of the '' standard " system has also enabled comparative 
figures of the cost of distribution per kVA for areas of 
various initial load densities to be obtained, and the 
variation in cost of distribution per kVA in a given area 
as the load density grows, to be traced. This informa- 
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tion is given in Fig. 9 for the four types of area which | 
It will be noted that the reduc- : 


have been considered. 


i 
L 


tion in cost per kVA with growing load is not constant. | 


The reason is that for the present investigation a system 
which grows evenly and symmetrically has been assumed, 
so that the minimum cost at each stage is only reached 
at the end of the stage when the system is fully loaded 
to its designed capacity. For example, in the type 
“C?” area, as soon as a load density of 4 000 kVA per 
square mile is reached at the end of Stage I it is assumed 
that the main elements of the system will be extended 


25 


Variation of distribution costs for a 
small district (i.e.fed from one 
transforming centre) 


«e» Variation of distribution costs for a 
rea 


Comparative annual cost per kVA 
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2 000 Type A area 4 000 
T e *B «a 8000 
8000 « 'C' « 16000 
[ 
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Load density, in kVA per square mile 


Fic. 9.—Comparison of annual cost of distribution per kVA 
at various load densities and in different types of area. 


to deal with 8 000 kVA per square mile. This means that 
theaverage loading of the system during each stage is only 
about 70 per cent of its maximum capacity. In practice 
different parts of a large system would pass from stage 
to stage at different times so that for the system as a 
whole the cost of distribution would decrease uniformly 


OF CITY DISTRIBUTION SYSTEMS. 


COMPARISON OF ' STANDARD " SysTEM WITH THE 
DIRECT-CURRENT SYSTEM. 


Earlier in the paper reference was made to a com- 
parison between the “standard " system and one in 
which the consumer is supplied by direct current. It 
may be of interest to discuss this in further detail. 

The estimates for the direct-current system are based 
on distributing the current from the main substations 
at 11000 volts three-phase to distribution substations 
where it would be converted by automatically controlled 
rotary converters to direct current and thence distri- 
buted on the three-wire system at voltages of 460 for 


| power and 230 for lighting and domestic consumers. 


So that the comparison may be on a common basis, it 
is, of course, necessary to compare costs per kW instead 


| of per kVA. For this purpose, the authors have assumed 


. mile. 


that the '' standard ” system operates at a power factor 
of 0-85 and have taken, as a typical example, a tvpe 
* C” area in which a system has to be laid down to deal 
with Stage I, i.e. an initial load density of 1750 kW 
(2 000 kVA on the alternating-current system) per square 
For areas with higher load densities the compari- 
son will be much more adverse to the direct-current 
system and, conversely, would be more favourable at 
lower load densities. For the same area, the comparison 
will also be more adverse to the direct-current system at 
Stages II and III. In making the estimates the same 
basic figures for costs have been used, merely the general 
design and lay-out of the system being varied. 

These estimates are compared and analysed in 
Fig. 10. The average overall total annual distribu- 
tion cost per kW, during Stage I, of the direct-current 
system works out at about 30 per cent more than that 
of the ‘‘standard’’ system. This increase is due 


. entirely to the heavy cost of the converting substations, 


as the load density increased. Such a uniform decrease | 


is represented by the dotted lines in Fig. 9. The costs 
shown are those incurred annually in giving a low- 
voltage supply which, after allowance for diversity, 
increases the peak load at the main substation by 1 kVA. 
They include capital charges, rates, depreciation, main- 
tenance, and losses on the distribution system. They 
do not include any allowance for generation and trans- 
mission costs, management, billing, meter-reading and 
selling. 


in fact the cost of the mains is slightly less owing to the 
absence of wattless current. The percentage increase 
mentioned above is on the whole cost of the distribution 
system. If the comparison were made on the basis 
only of those costs affected by the choice of system the 
percentage difference would be still greater. 

An important feature of the direct-current system, 
and one which is the chief reason for its retention in the 
congested centres of some American cities such as New 
York and Chicago, is the possibility of using secondary 
batteries to maintain supply in the event of a failure of 
the high-voltage supply. The estimates do not include 
the cost of such batteries, which is a very heavy item 
and one which, in the authors' opinion, is not justified 
by experience in this country. 


STANDARDIZATION OF EXISTING SYSTEMS. 


In this country the majority of the city areas are 
already partially developed and therefore the complete 
adoption of the standard system is in most cases 
impossible. Mains have such a long life, and capital 
charges are such a predominant item in distribution 
cost, that it is seldom justifiable to scrap existing net- 
works, but a great deal can be done to incorporate some 
of the chief features of the standard system and to 
ensure that as existing systems develop they tend 


. gradually to approach the standard system. 
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Standardization of voltage.—The most important 
feature is that the lighting and domestic consumer’s 
voltage should be standardized at 230, and, fortunately, 
this is the easiest modification to make. A very large 
proportion of the existing systems operate with voltages 
within the range of 200 and 230, and over this range a 
change to 230 volts can be carried out at comparatively 
small expense. Lamps would require replacement and 
the elements of heating apparatus would have to be 
changed but it is probable that on both a.c. and d.c. 
systems the bulk of the existing motors could be retained, 
possibly with modifications in a few instances. A 
change-over of this sort, including any necessary modifi- 
cations to the undertakers’ own apparatus, such as 
substation plant, meters, etc., ought not to add more 
than about 5 per cent to the existing expenditure on 
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Comparative annual costs per kW 
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Stage I 
Standard A.C. system 


which at present are operating at voltages between 
230 and 250. The advantage to the undertaker of 
standardizing such systems lies almost entirely in the 
increased growth of load caused by the benefits which 
standardization gives to the consumer. Unfortunately 
the advantages of interchangeability and cheapness of 
standard apparatus only begin to appear as the standard 
voltage becomes generally adopted, and therefore there 
is little immediate inducement for undertakers distri- 
buting at voltages higher than 230 to conform to the 
proposed standard unless they are prepared to take a 
long view. It may therefore be necessary for these 
undertakers, who in any case are in the minority, to 
delay reducing their voltage until. the effects of stand- 
ardization become more apparent and their consumers 
are beginning to object to their non-standard voltage. 
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Fic. 10.—Comparison of ‘‘ standard ” system with the direct-current system. 


distribution. On a growing load this would be rapidly 
offset by ‘the reduced capital expenditure due to the 
higher distribution voltage. 

There are a number of systems operating at voltages 
below 200 but as a rule these are very much below, 
ie. 100 to 120 volts. On direct-current systems it 
would be necessary to replace or re-wind all the motors. 
On alternating-current systems they might as an 
alternative be supplied from auto-transformers which 
would usually be somewhat cheaper. Although the cost 
of the change-over mav thus be greater than on the 
higher-voltage systems it must be remembered that the 
capital expenditure which can be saved in the future is 
greater the lower the voltage of the system. 

A number of cases which the authors have investi- 
gated show that the cost of raising the system voltage 
would be recovered within, at the most, two years on 
Systems having a normal rate of growth. 

A more difficult problem is presented by the systems 


Standardization of type of current.—The next most 
important modification after the standardization of 
voltage is the general adoption of alternating current 
at 50 cycles. ' 

In direct-current areas where the power load pre-: 
dominates, a complete change-over is a very expensive 
matter and in no case which the authors have considered 
is it a practicable scheme to scrap the existing system 
entirely. In an area where the power load is developing 
rapidly it does, however, pay to superimpose a new 
standard system which would deal with all new load. 
The eventual economy due to such a change is un- 
doubted, but even on a rapidly growing system it may 
be some years before a saving in dealing with the new 
load balances the heavy initial cost of the new system. 
In areas where only a slow growth of power may be 
expected, a complete limitation to the growth of the 
existing direct-current system cannot be justified, but 
even in such areas a great deal can be done in the 
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direction of gradually superimposing a standard system 
on the most favourable parts of the area as opportunity 
allows. 

A change-over is comparatively easy where the power 
load is small, and a large number of such change-overs 
have already taken place during the past few years. 
A factor which has had considerable influence in many 
such change-overs has been the reduction in the cost of 
Maintaining old networks when they are operated on 
alternating current in place of direct current. 

Standardization of type of system.—The third and most 
difficult problem arises where the system to be standard- 
ized does not consist of four-core cables and in conse- 
quence it is not possible to adopt the standard three-phase 
four-wire system without scrapping the existing cables. 
This difficulty arises, for example, when it is desired to 
convert a direct-current three-wire system to the 
standard system. Such a case can best be dealt with 
by adopting a modified standard system in which the 
low-voltage distribution is single-phase three-wire. The 
chief objection to such a modified system is that the 
power load must be supplied single-phase; although 
single-phase motors have of recent years been so greatly 
improved that they are now perfectly satisfactory for 
most purposes, they are inherently more expensive than 
three-phase motors. The extra cost of the single-phase 
motor would be a serious disadvantage if the power 
load were a large proportion of the total load supplied 
from the network, but, as already pointed out, cases 
where it would be economical to make a complete 
change from direct to alternating current only arise 
where the power load supplied from the network is a 
small proportion of the total load. 

Single-phase two-wire systems which it would not be 
economical to scrap can best be dealt with by continuing 
the single-phase supply but grouping the cables so that 
they can be fed from a skeleton three-phase four-wire 
network. The gradual growth of this new network 
would permit an increasing proportion of the power 
load to be supplied three-phase. Such a policy results, 
of course, in a distribution system which is a compromise 


between the feeder and the distributor types of network 
discussed in an earlier Section of this paper. 

It is not possible to examine individually each of the 
many systems at present in use, and the above remarks 
are therefore of a general nature. The authors have, 
however, examined a sufficient number of typical cases 
to feel satisfied that the general conclusions are correct, 
although in any given case the special circumstances of 
the system under consideration have to be taken into 
account. 


CONCLUSION. 


In conclusion the authors feel that their investigations 
indicate that not only is the adoption of a standard 
system for all future extensions a matter of vital 
importance to electricity supply undertakings, but that 
a great deal more can be done than is commonly supposed 
in modifying and adapting existing systems so as to 
achieve some of the main benefits of a standard system. 

These conclusions are all based solely on a considera- 
tion of the self-interest of the electricity supply industry, 
but similar conclusions would undoubtedly apply if the 
subject were approached from the standpoint of the 
manufacturer. Indeed, the advantage of standardiza- 
tion in facilitating mass production must be so great 
that the authors venture to suggest to manufacturers 
that 1t might be worth their while to co-operate with 
the electricity supply industry in a vigorous effort to 
establish standardization. If, for example, manufac- 
turers could offer some immediate advantage to the 
consumer as regards the purchase of standard apparatus, 
there can be no doubt that this would greatly influence 
supply undertakers in making such changes as are 
necessary to bring existing systems into line with the 
standard system. 

As it is impossible in a paper of this type to make 
personal acknowledgment to those who may recognize 
ideas peculiarly their own, the authors wish to express 
their general obligation to all those, both in this country 
and abroad, whose work has made the present paper 
possible. 


DISCUSSION BEFORE THE INSTITUTION, 4 NOVEMBER, 1926. 


Mr. R. A. Chattock: The paper constitutes a very 
valuable indication of how to lay out a city distribution 
system from what might be described as the ideal point 
of view. One naturally regards the matter from one’s 
own point of view in connection with one’s own under- 
taking, because one knows all the details and can apply 
the proposals put forward in the paper itself to one’s 
own necessities. The lines of development indicated in 
the paper are practically those that we are adopting in 
Birmingham for the extension of our system, and other 
large cities are extending also in a very similar way. I 
do not wish to suggest, however, that Birmingham is 
going to scrap its d.c. system, as is rather indicated as 
being desirable in the paper; in fact, we are not even 
contemplating such a step. The authors state on 
page 97 that the future will bring a rapid growth of 
load, and that this makes the present a suitable moment 
to analyse city distribution methods, but I feel that 


this rapid growth commenced four or five years ago. 
In the case of Birmingham the annual increase durin g 
that period has been 12 000 to 15 000 kW a year, whereas 
under pre-war conditions it was only 3 000 to 4 000 kW. 
This expansion is taking place all over the city, and of 
course necessitates the expansion of the distribution 
system. This is being carried out, and indicates that 
we are already in the middle of this work rather than at 
the commencement. I quite agree that standardiza- 
tion is a very desirable ideal, but whether the authors 
are right in stating that standardization would have a 


‘larger influence than anything else in cheapening supply 


is, I think, open to serious doubt. There are many 
other factors that affect the cheapening of supply, and 
I am not at all sure that to carry out standardization of 
networks and to scrap the large amount of capital cost 
which it would entail would cheapen supply for cer- 
tainly many years to come. The authors certainly 
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point out that cities already partially developed can 
hardly look for standardization as a complete measure 
on their systems ; they think it is mostly impossible to 
do that, but they still suggest that a new system should 
be superimposed on the existing one. I do not see how 
it is possible to superimpose an a.c. system on a d.c. 
system in a city without scrapping a large amount of 
d.c. work, and that would probably entail the loss of 
many thousands of pounds in the early stages, and 
would attect the cost for many years tocome. Unless 
the d.c. svstem is scrapped I feel that one must go on 
with it, and not complicate the supply by superimposing 
an a.c. system on it. I feel that such a proposal is 
rather like the Government proposal to standardize 
frequency, which can only be given effect to at an 
enormous cost and by the scrapping of a large amount 
of existing assets. I quite agree that new districts can 
be standardized in this way, and I think most of the 
large undertakings are doing this. In Birmingham we 
are now developing the outlying districts with alter- 
nating current, and that will fit in with a general 
standardization on that system in the future. I do not 
see that the authors have submitted any justification 
for scrapping the d.c. system in the heavily loaded 
centre parts of the city. In Fig. 10 the authors compare 
a.c. and d.c. costs, and they have assumed that no 
a.c. regulation is necessary, whereas the d.c. voltage is, 
of course, regulated by the converting machinery. On 
page 101 thev state that the permissible variation on 
the low-voltage cable should not exceed 6 per cent, the 
remaining 2 ver cent being allowed to cover the drop in 
the high-voltage system and transformers. My experi- 
ence is that on the high-voltage system a drop, excluding 
the transformer drop, of something like 7 to 10 per cent is 
quite a usual figure. That, of course, is due to the fact 
that the high-tension cables are used, as they must be, 
for the handling of the big industrial load as well as for 
the lighting supply, and that necessity is recognized in 
the Commissioners’ e.h.t. Regulations, which allow of 
121 per cent variation in voltage above the specified 
minimum. It is therefore quite usual to have at least 
7 to 10 per cent variation on the high-tension side, and 
that of course will be reflected on the low-tension side 
in the lighting of the district. We therefore find it 
necessary to put in induction voltage regulators on the 
high-tension side in order to correct for this variation, 
and it would probably be desirable to make these auto- 
matic in future so as to do away with the cost of manual 
operation. Such apparatus is, of course, a very costly 
item, and it materially alters the comparison given in 
Fig. 10 between the a.c. and d.c. costs; it brings them 
much nearer together. The authors also mention that 
d.c. distribution was recommended because batteries 
could be employed for ensuring reliability and they did 
not see that that was at all necessary. I feel very 
strongly that in a large, densely populated city area, on 
which the whole life of the city depends, it is very 
necessary to ensure that the lighting is not interfered 
with, and to go to considerable expense in order to 
obtain that result. I have satisfied myself that our 
batteries in Birmingham, of which we have a con- 
siderable number, have fully justified themselves in 
maintaining the pressure in the densely populated 
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centres. Several times when, owing to severe a.c. 


disturbances, the rotary convertors have tripped out, 
the supply has been maintained by the batteries during 
the few minutes necessary to resume the normal supply. 
I feel that reliability is the first essential 1n. connection 
with a city supply. Again, the tramway supply is 
generally given from the substations in a large city, and 
that, of course, requires d.c. machinery and necessitates 
the installation of this in the substations. It is quite a 
simple matter to make that plant interchangeable with 
the converting plant used for the lighting. The fact 
that one has to provide direct current for a tramway 
supply gives us a very good raison d'étre for the supply 
for lighting purposes by that method. Apart from my 
criticisms many valuable suggestions have been made 
in the paper, which may, I think, be described as a 
classic on the subject. 

Mr. C. P. Sparks: As Chairman of the Electrical 
Section of the British Engineering Standards Associa- 
tion, I am especially interested in this paper. We have 
been trying for many years to get down to a definite 
standard for general supply, and after a great deal of 
hesitation—after endless consultation with the various 
interests concerned, manufacturers of apparatus, lamp 
makers, supply undertakings and users—we definitely 
made up our minds at last to recommend as standards 
the two pressures of 400 volts three-phase and 230 volts 
single-phase, 50 cycles, and 230 volts direct current. 
The authors strongly endorse what has been done and 
the Electricity Commissioners approve this decision. 
This country has done more than most countries with 
regard to standardization, but the one point on which 
we have failed is the question of supply pressure to 
consumers. I feel in common with the authors that 
this is the most important factor. In America they are 
not so up-to-date in regard to standardization generally 
as we are here, but they are ahead of us with regard to 
this main point. In America the main standard is 
115 volts; 95 per cent or more of the general supply in 
America is at this pressure. With regard to systems, 
the main standard is 115 volts alternating current, 
60 cycles, and 115 volts direct current. All apparatus 
and all lamps are interchangeable, except that the 
supply in the central city sections is direct current. 
The gain by facility of interchange and reduced manu- 
facturing cost of a number of types is enormous. With 
regard to supply in the centre of cities, we commenced 
with direct current. I duly recognize the advantages 
with regard to direct current from the use of batteries, 
but with the growth of the systems it is not possible to 
have effective recourse to batteries. Looking some 
years forward, as the demand grows, present-day 
batteries will only be of use for moments instead of 
minutes, and as demand grows further they will be of 
very little use at all. The next factor is the load 
density. I am surprised at the moderation of the 
authors in putting forward figures of future density. I 
think that they suggest a maximum of 32 000 kW per 
square mile. They give as an exception the City of 
London which approaches 50 000 kW per square mile. 
As a matter of fact, one of the undertakings in London 
will pass the limit of 70 000 kW per square mile this 
year, and that is not the finish. It is quite feasible 
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that this figure will be doubled, and what will then have 
to be done? When we come to such high densities 
- there literally 1s not room in the streets for cables to 
give a d.c. supply; an a.c. system must be super- 
imposed. As a result the d.c. system will gradually 
disappear. 

Mr. S. J. Watson: One of the factors with which 
we measure developments, as many members know, is 
consumption per head of population. I believe that at 
the present time throughout the country that figure is 
about 150 kWh per annum, and there is no doubt that 
during the next 10 or 12 years it will increase to some- 
thing of the order of 500 to 600 kWh. In other words, 
we are going to have developments which will mean a 
multiplication by four of the demands as they exist 

. to-day, and therefore the paper cannot fail to be of very 
great help to those who have to look a long way ahead 
and design plants and lay-outs so that the growth can 
be adequately dealt with. I am particularly interested 
in the question of load densities because my daily work 
lies in a very busy industrial centre, namely Salford. 
The inhabitants number a quarter of a million, and as 
the city is 8 square miles in extent there are 30 000 
inhabitants per square mile. In addition to supplying 
that area, we supply an adjacent suburban area of 
about 4 square miles where the population is only 
18 000, namely, just over 4 500 inhabitants per square 
mile. The load density in the city is to-day about 
2 500 kW per square mile, whereas in the suburban area 
it is only 150 kW per square mile. Although the 
average for the city is about 2 500 kW, in portions of it, 
where the industries lie, the load density is at least 
double that figure. Of course, the whole of the lay- 
outs given in the paper are based on a hypothetical 
case; in fact, such lay-outs never actually occur in 
practice. Only very rarely can substations be placed 
just where they are required. I entirely agree with the 
authors' suggestions in regard to pressures. At the 
same time, I feel that in many suburban areas it will be 
convenient to adopt an intermediate pressure between 
11 000 volts and 400 and 240 volts, and that is really 
what we are doing to-day in my area. Our transmis- 
sion pressure is not 11 000 volts but 6500, but an 
intermediate pressure of 3 300 volts is used for a single- 
phase system over the suburban areas. A single-phase 
system is extremely useful in rather thinly populated 
areas. The cable is a plain concentric cable, quite 
simple to use and not expensive. In our case, we 
usually come down from 3 000 volts to a 3-wire single- 
phase system, the supply to the consumers being about 
230 volts. The authors refer to difficulties in regard to 
single-phase motors, but fortunately this question is not 
very important in suburban areas, because they are 
almost entirely residential. In regard to the adoption 
of a standard a.c. system, I entirely agree that it should 
be done wherever possible, but I also agree with Mr. 
Chattoek that many of our larger cities and areas are 
financially so deeply committed to the d.c. systems that 
it would not be worth while to change over to the a.c. 
system. On the other hand, it is possible to do what I 
am doing to a large extent, i.e. to take the a.c. supply to 
the fringes and, as the density of the load increases, 
gradually change over the outer portions of the d.c. 


supply to alternating current. We are doing a very 
great deal of that class of work; in fact, last year I 
think we changed over nearly | 000 consumers from 
direct to alternating current. We also attempt to keep 
the d.c. system from growing by changing over to a 
three-phase supply some of the larger industrial works 
which may originally have been supplied with direct 
current. It is rather a costly business, but I feel that 
it is not much more costly than to continue to increase 
the number or the size (or both) of the rotary-convertor 
substations. I think the authors' suggestion in regard 
to keeping the size of the neutral conductor, whether 
the system is 3-wire or 4-wire, the same as that cf the 
outers, is a very sound one. It is a practice which I 
myself have adopted, and as the cooking and heating 
loads in the outer districts and the residential districts 
increase, it is very useful to have plenty of copper in 
the neutral. In the residential area to which I have 
referred, we put on, I think, some 200 to 300 cooking 
stoves during last year. I do not quite understand the 
authors' suggestion that no e.h.t. switchgear should be 
put in the substation, but that the only e.h.t. switch 
should be where the feeder runs out from the power 
station or the first substation. I do not think that the 
practice is largely adopted in this country. In my 
opinion it is desirable and necessary to have an oil 
switch, so that the transformer and other devices which 
may be supplied can be cut out at the substation. I 
notice that in the two lay-outs given in Fig. 3 one has 
8 mains going out and one only 6; presumably they 
are both to deal with exactly the same load, and there- 
fore the 6 should be of larger size. In Fig. 10 the cost 
per kW per annum goes up to nearly £30. We do not 
get anything like that amount in the industrial dis- 
tricts—it is probably about one-third of the amount 
shown in the figure. I should be glad if the authors 
would give some more information on that point. 

Mr. J. W. Burr: Like the authors, I believe that 
there are many existing distribution systems in the 
country which are over-taxed, and many engineers like 
myself have already felt, or wil] feel, the effect of this, 
inasmuch as we shall be unable to keep the pressure 
within the prescribed limits. There is no doubt that 
many radical alterations will shortly have to be made. 
I agree with the authors that piecemeal extensions 
without any definite plan, such as have sufficed in the 
past, will be inadequate to meet the new situation, and 
distribution engineers should take stock of the position, 
with the object of anticipating the conditions to be met 
in the course of the next few years. The idea of 
standardizing the distribution system is, I think, a 
most excellent one, especially if it tends to reduce costs. 
Many borough councils will not extend mains unless 
they can see a minimum annual return of 20 per cent on 
the capital expenditure. This means that we often 
have to limit the amount of copper put into the ground ; 
a complete network cannot be laid at once, as in verv 
few cases will the immediate expenditure be justified. 
It is more usual to lay out the system gradually in 
accordance with the demand in different districts and to 
put down a sufficient number of ducts at once in order 
that additional copper can be drawn in as required at a 
later date. It is advisable to work to a scheme for the 
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entire network so that, as it develops, every part may | centres in case of emergency is precluded. On the other 


be directly in proportion to its ultimate duty. Other- 
wise, either we shall have to face a larger cost eventually 
or our pressure regulation will be bad. Dealing with 
the type and voltage of the current supplied, the authors 
suggest that three-phase alternating current at 400 volts 
and 230 volts should be used. I certainly agree in 
regard to the type of current, but I cannot quite under- 
stand why the maximum has been fixed at 400 and 
230 volts. As we are permitted to increase our pressure 
to 250 volts between phase and neutral, why have not 
the authors adopted the highest permissible pressure ? 
They say that there are some practical considerations 
which must be taken into account; I shall be glad to 
hear exactly what these are. I have had experience 
with the alternative types of low-voltage network 
svstems dealt with by the authors and I find the feeder 
type by far the more flexible. I agree with the authors 
in regard to the method of dealing with the increased 
load by putting down further substations, but in big 
towns it is almost impossible to acquire sites just where 
they are required. I agree with the authors that the 
four cores of a cable should be of the same section. 
With regard to the laying of cables, I find that in some 
cases the draw-in system is better than the armoured 
system. I think this is a matter for local consideration. 
I have had no experience whatever of putting an 
unarmoured cable direct in the ground. I should be 
glad if the authors would say whether the 8 per cent 
saving mentioned includes the cost of the protecting 
cover. In regard to the type of high-voltage distribu- 
tion system, I have both the radial feeder and the ring- 
main systems in use and I find that, generally speaking, 
the ring-main system allows more flexibility than the 
radial feeder system. The suggestion that no switch- 
gear should be installed in the substations with the 
radial feeders is quite new to me. We might possibly 
do without switchgear provided we installed reliable 
discriminating devices. As to the e.h.t. voltage to be 
used, I notice that the authors mention 11 000 and 
33 000 volts, but my experience with 33 000-volt cables 
has been most unfortunate. Not only is the cost of 
the laid cable twice as much as that of 6 600- or 11 000- 
volt cables, but the faults are much more frequent and 
in many cases take quite four times as long to locate 
and repair. I agree with the authors that 6600 or 
11 000 volts should be used, whichever is the generating 
pressure. In regard to the spacing of transformer 
centres, I agree with the authors that the only satis- 
factory solution is to make a complete study of the 
economics of the distribution system as a whole from 
the main substation to the consumers' services in the 
various areas. 

Mr. C. A. Ward : I take it that the two objects 
aimed at in the standard svstem advocated in the 
paper are reliability and low costs, but the latter con- 
sideration seems to be the dominant one. It is sur- 
prsing to see that, in spite of the present trend to 
interconnect everything, tbe authors recommend for the 
type of area most frequently encountered a radial high- 
tension feeder system, without high-tension switchgear 
in the transforming centres. Consequently, all possi- 
bility of interconnecting neighbouring transforming 


hand, the extreme subdivision of the low-tension 
network seems to be excessive, and I would suggest 
that interconnection of at least a portion of the system 
would present overwhelming advantages with regard to 
reduction of pressure-drop and distribution of load. 
The fact of having transforming centres working in 
parallel on the low-tension side does not appear to be 
a source of trouble in practice; at least not in the case 
of the system with which I am acquainted. As regards 
the choice of cable, as it is usually impracticable to lay 
mains for the full ultimate capacity of the area it seems 
to me that a system with lead-covered paper-insulated 
cable, in ducts, lends itself better to extension than 
armoured cable buried direct in the ground. I mainly 
differ from the authors as to the design of this ideal 
standard distribution system in its various details, but 
it seems to me that a great measure of agreement can 
be arrived at as to the main lines which it should follow. 
The more difficult problem is, of course, to bring the 
great variety of systems at present in existence in line 
with the standard system. In the case of low-tension 
d.c. systems, for instance, the cost of laying an entirely 
new three-phase network would be prohibitive, as 
pointed out by the authors. I suggest that in certain 
cases it might be advantageous to consider whether the 
existing network could not be adapted for two-phase 
distribution, in which case the conversion from three- 
phase to two-phase at the transforming centres would 
take place in the usual way by means of Scott-connected 
transformers. There seems to be a danger now that 
too drastic alterations may be made merely for the sake 
of standardization; I think it will be agreed that the 
one main consideration should be the cheapening of 
supply, for it is quite possible that even 20 years hence 
our present methods of distribution may be obsolete. 
Mr. R. Borlase Matthews: In engineering circles 
there is rather a tendency to deal with achievements, that 
is with things of the past instead of the future; hence, as 
the present paper deals with the future, it is both oppor- 
tune and welcome. This, after all, is a very difficult 
task and, further, is the basis for the success of the 
future. For this, considerable foresight is required and 
I think we have evidence of it in the paper. The 
authors make a most important point in their opening 
paragraph, in emphasizing the great importance of 
studying the psychology of the consumer. A very com- 
mendable feature of the paper is that the authors have 
not feared to draw their own deductions as to the best 
method of solving the electrical distribution problem. 
In dealing with the question of load density, the figures 
are given per square mile. Now while this is quite satis- 
factory from the point of view of distribution in a densely 
populated city, it is not so for the smaller towns and 
certainly not for ruralareas. These figures are obviously 
based upon the route miles of the distribution cables and 
the number of consumers per route mile. It would 
therefore be very useful if the authors would interpret 
their classes ‘‘ A," “ B," '* C" and "" D” in these terms. 
In the future, many distribution schemes will be based 
upon bulk supply, say, at 33 000 volts. Some standard- 
ized method of taking that supply will have to be 
adopted, for the central station engineer does not care 


116 BEARD AND HALDANE: THE DESIGN OF CITY DISTRIBUTION SYSTEMS, 


to have an outsider direct on his generators, yet in many 
cases the bulk consumer will be more conveniently 
served with a 33 000-volt supply. Hence I should be 
interested to hear the authors’ solution of this problem 
as a matter of standardized practice. The support of 
standardization for voltage supply is very welcome. It 
is fashionable nowadays to have a slogan and for the 
electricity supply industry I would suggest “a service 
for every house." Such a policy would greatly speed 
up the consumption of current. For a rural supply 
the policy is imperative, for it is the house that has a 
service that most surely expands the demand. The 
late Prof. Perry once described an American city as 
being laid out on the Cartesian, bi-planar co-ordinate, 
geometrical system. The authors' diagrams certainly 
remind one of this description, but a little investigation 
indicates that there is no difficulty in practical applica- 
tion to British towns, although they may not be so 
Systematically laid out. The authors’ suggestions 
certainly comply with the requirements of the slogan 
“a service for every house," and also the subsequent 
expansion of those services. 

Mr. A. Page: Coming on the heels of the Report of 
the Electricity Commissioner.' Committee on Domestic 
Supply, the advent of this paper is specially opportune. 
The Report hinted that certain engineers and managers 
preferred to give all their attention to the technical 
aspect of the business, to the detriment of the com- 
mercial side. It is no good to have slogans and selling 
campaigns by special organizations if the engineers are 
not in a position to deal with the load when it comes. 
Unfortunately, that is the position in many of our 
undertakings to-day ; the old piecemeal policy of exten- 
sions is still pursued, and it does seem clear that a special 
endeavour must be made to arrive at what is an 
enlightened and forward policy in this matter. I do 
not want to be misunderstood—I am not advocating 
rash expenditure, but caution can be overdone. Many 
of our distribution systems are antiquated. They have 
served their day and generation; they have cost a 
tremendous lot of money, but the time has now come 
to take stock, and the present paper shows us the way. 
Recently I had to look up certain of the Electricity 
Commissioners’ returns, and from the information 
given therein I found that the average cost of distribu- 
tion in this country is £38 per kW of maximum demand. 
In isolated cases, principally in London, it is as high as 
£60. That being so, the time has obviously arrived for 
action. It must be an inestimable boon to a distri- 
bution engineer to feel that the work he is doing is 
fitting into a well-considered scheme of development 
which has been planned beforehand, which is flexible, 
and which can deal with almost infinite expansion of 
the demand at minimum cost. A fortunate few are in 
that position ; a good many more will, I think, see the 
light after this paper has been fully considered and 
discussed. I, of course, am specially interested in 
dealing with city areas; the conglomeration in London 
is particularly bad. The mixture of single-phase, two- 
phase, three-phase and d.c. systems, at all voltages, is 
an upsetting picture to the electricity supply profession. 
It would pay handsomely to alter that state of affairs. 
If the load is not growing sufficiently rapidly, and part 


of the system is direct current, then the improved 
system must be gradually merged in the old. I am the 
last person to advocate a scrapping policy, but that is 
not required—we can get the improvement without it. 
The improvement I particularly have in mind is the 
standardization of pressure. Standardization of system 
can wait longer, but standardization of pressure is 
overdue. All this, of course, means that a plan of 
development must be evolved, and this has been done 
in the paper. So far as I can see it is a very sound one: 
the salient features are a 4-core three-phase network 
fed from a growing number of substations supplied by 
high-tension distributors at 11000 volts. I have 
experience of an intermediate pressure, but I am strongly 
of the opinion that we ought to get rid of that and 
concentrate on single-stage transformation to the 
pressure at which the supply is given to the consumer. 
Bad regulation is a bogy, and it is not at all necessary 
to go to the complication of intermediate transmission 
to obtain good regulation. Substations are, of course, 
essential, but we have the very greatest difficulty 
nowadays in getting suitable sites. What with town- 
planning schemes on the one hand, and congestion in 
the city streets on the other, we are at our wits' end to 
know what to do. The numbers will increase, and I 
think we must very soon request compulsory powers in 
connection with the acquisition of land for substations. 
We have it, of course, for generating stations. The 
ventilation question has not been touched on in the 
paper. It is a very practical one, and it would be 
interesting if the authors would give some indication as 
to how they propose, particularly in underground 
chambers, to get rid of the heat from apparatus which 
is, in some instances, carrying heavy loads. Another 
point is the getting of the large number of distribution 
cables away from the transforming centres. It is not 
easy and it requires careful consideration, in view of 
the tendency in this paper to increase the capacity of 
these transforming centres. It will be difficult to carry 
conviction to supply engineers with regard to the pro- 
posal to have four to six transformers on one feeder, 
when the only control is by means of a circuit breaker 
at the main substation. The comparative analyses in 
the paper show that there is a considerable margin on 
the cost of the high-tension system ; I submit, therefore, 
that the spending of a little extra monev on making the 
high-tension distribution more reliable might be war- 
ranted. It is rather surprising to find Mr. Beard sup- 
porting the use of radial parallel feeders instead ot an 
interconnected system. In conclusion, can the authors 
say what the cost of this standard system would be per 
kilowatt of maximum demand in, say, a type “C” 
area at the end of the various stages of development ? 
Sir John Snell (communicated) : I am very glad to 
see that the authors are advocating for a.c. systems 


declared pressures of 400 volts between phases and 


230 volts between phase and neutral. The Commis- 
sioners have given sanction for a long time past to 
these declared pressures wherever systems are being 
changed from direct to alternating current, and, in 
some cases where direct current is persisting, 230 volts 
between outer and middle and 460 volts across outers, 
on the 3-wire system, is being adopted as a standard. 
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Mr. J. Whitcher (communicated): Consulting en- 
gineers rarely have full scope to deal with the distri- 
bution problem in the free manner open to the authors, 
but even the partial cases which come to one lead 
logically to many of the conclusions drawn and set out 
so well in this paper. Therefore I am happy generally 
to endorse much of the argument and many of the 
recommendations presented to us. There are, however, 
a few comments and suggestions which I should like to 
make. The view of the a.c. distribution network is, I 
think, correct. Multi-core cable distributors are desir- 
able in all new work to avoid reactive drop, and low- 
tension network feeders would be a mistake in principle. 
However, there is much to be said for a six-phase net- 
work with neutral, giving 230 volts between all successive 
phases and to the neutral, and 230 volts, and 400 volts for 
three-phase work and 230—0-230 volts for 3-wire work. 
The development and loading of such a network can be 
carried out in verv free and flexible manner and yet 
result in a fairly balanced three-phase loading on the 
e.h.t. mains. For the sub-distributors a three-phase 
230 volt supply can be made available at every service 
point by carrying 3-core cables, say phases 1 and 2 and 
neutral, and phases 4 and 5 and neutral, one down each 
side of a street. Existing 3-wire d.c. networks can be 
coupled in this way so that a three-phase motor load 
can be accepted anywhere, or the 3-wire 230—0—230 volt 
system can be retained in streets where a change is not 
desirable. The main distributors can be made as a 
pair of 4-core cables, as the authors have done: 
the costs would apparently not be increased. 
With regard to the 11 000-volt distribution to sub- 
stations I have great hopes that the authors' com- 
parisons will finally destroy the widespread superstition 
in favour of ring mains and interconnectors. It has 


been responsible for much of the confusion, dis- 
satisfaction and expense which has made feeder 
protective gear the distribution engineers' burden for 
many years past. By all means let us grasp the real 
advantage of a.c. distribution—the facility of feeding 
networks at numerous points—by the use of these 
duplicate radial feeders with transformer branches. 
This brings me to a pet scheme of my own, viz. triple 
feeds to substations. Three 0-075-sq. in. cables can be 
substituted for the authors’ two 0-15-sq. in. cables at 
small extra expense, and their use would surely subdue 
that small shred of doubt which still remains in their 
minds as expressed in the final paragraphs of page 104. 
It is easy to secure simple and reliable protection against 
cable faults on triple feeders, because there is funda- 
mentally no difficulty in detecting which is the abnormal 
and faulty member of a group of three. The position 
as regards spare feeder and transformer plant is 
obviously better with three units than with two. 
Reference to the charts of costs given in Fig. 8 will 
show how small in comparison with the total would be 
the cost of securing substantial operating advantages by 
the use of triple feeds. I do not agree that works and 
factory demands justify the retention of the ring-main 
system. It seems to me better to treat them simply as 
densely loaded patches on the network, and to provide 
"^ standard " transformer stations for them. Otherwise 
the secondary voltage can be changed, or the e.h.t. 
supply given direct through circuit breakers with 
suitable protective devices: always provided that the 
“standard ’’ duplicate or triplicate equipments are 
installed. Thus the radial feeders are sufficient for all 


purposes. 
[The authors' reply to this discussion will be found 
on page 121.] 
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Mr. W. C. Burbridge: I am surprised to hear it 
suggested in discussion that it is undesirable to lay 
underground plant in advance of requirements. This 
goes to the root of the authors' paper, which is an 
attempt to visualize what is going to happen in the 
future. Speaking as a telephone engineer, I may say 
that in telephone practice it has been found to be 
economical to lay down plant in advance of require- 
ments not only for 5 years, but in some cases for 10 or 
15 years. The paper bristles with analogies to the 
problems met with in telephone development, some of 
which have engaged attention on similar lines for several 
vears past; and whatever the present difficulties in 
introducing a standard system of power distribution 
may be, it is preferable to work towards such a system 
than to proceed on the haphazard lines which are the 
usual course at the beginning of development of elec- 
trical undertakings of all kinds. I should like to know 
how the estimate of growth of 15 per cent per annum 
was arrived at; this is a very high rate of growth, and 
Is apparently at variance with Sir John Snell's estimate 
(quoted immediately before) of 7 times the present load 
by 1950. I should also like some further explanation 
of Fig. 8. What units are represented by 0-10 in each 


direction ? Seeing that quite different terms are used 
on both upper and lower parts of the diagram (annual 
costs per kVA on one side, and capital costs per square 
mile on the other), I suggest that the diagram as it 
stands does not clearly illustrate the comparison which 
it is designed to bring out. 

Mr. A. M. Taylor: The authors have very diplo- 
matically put their remarks relating to conversion of 
d.c. systems, as well as those relating to conversion from 
25 periods to 50 periods, at the end of the paper. These 
two questions are, however, very intimately associated 
with the general subject of power transmission and I 
feel that they cannot be dissociated from it. I do not 
accept the inference of the paper that 25 periods is a 
thing of the past. Electricity supply consists of the 
supply for light, heat and power. The continuity of 
supply of light is of more supreme importance than 
anything else, but its bulk is insignificant. Therefore 
let it be done by direct current in cases where the 
consumers are ready to pay for special mains. Elec- 
tricity supply at 50 periods for heat and power has an 
advantage over that at 25 periods only in the question 
of transformers, and has great disadvantages from the 
point of view of cables, the capital outlay on which 
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dwarfs that of transformers and should therefore be 
considered. I believe that the system of the future— 
if the Government's “ gridiron ’’ scheme is to go through 
and the main lines of railways are to be electrified— 
will be to generate, partially, at 25 periods and distribute 
(if necessarv) at 50 periods. If done on a sufficiently 
large scale, the loss in conversion would not exceed 
4 per cent, and this would be very much more than 
compensated for bv the possibility of linking up with 
the power plants further afield, which may be able to 
generate 15 per cent cheaper. In any case our long- 
distance transmission engineers seem to think very little 
of an extra 4 per cent in the transmission lines. For 
instance, to operate the railway system from Manchester 
to Glasgow would involve a drop of 25 per cent, when 
working with ordinary current densities, with under- 
ground cables at 66 000 volts and 50 periods. Mr. 
Woodrow's remarks on the justification of frequency- 
changers at New York * are well worth reading. I 
believe that a frequencv-changer on the Hell Gate lines 
could be designed to avoid largely the double conversion 
of energv, and so reduce the above 4 per cent to perhaps 
3 per cent or less. The prime difficulty which I foresee 
is that, first, if we are to use underground cables at all— 
for example in the electrification of railways—it will 
be found necessarv to use very high voltages, and that, 
if we do this, we shall find that the capacitance currents 
needed to charge the cables at 50 periods will become 
more important than the load currents, and will limit 
the distance of transmission to one-half of that with 
25 periods. (With 25 periods the line between Man- 
chester and Glasgow could just be operated, but with 
50 periods it would be very difficult to do so.) Nobody 
seems to have yet realized that the use of underground 
cables at, sav, 150 000 volts would reduce the capital 
cost of transmission to about £0-1 per kW per mile, 
a figure which 1s not much more than twice that of an 
overhead line, whereas at 66 000 volts, the figure is, 
for extreme lengths, e.g. Manchester to Glasgow, and 
limiting the voltage-drop to 10 per cent, of the order of 
from 6 to 7 times that of an overhead line, which of course 
makes underground cables commercially impracticable. 
The difference in maintenance charges will probably, 
in the first case, make the annual costs about equal. 
If this is the case, anybody who considers the possible 
interruptions to overhead services by aeroplanes, snow- 
storms, lightning and enemy attacks, will find a strong 
inducement for considering underground systems; but 
underground systems, as mentioned above, will be 
seriously limited if at 50 periods. Telephone inter- 
ference is also an argument for underground cables and 
25 periods. The question of “ right-of-way,” too, is all 
in favour of underground cables laid along the railways. 
With only six cables there would be no difficulty in 
finding accommodation. Then comes the question of 
resonance. I believe that there is a real, though 
hitherto unsuspected, tendency to resonance, sufficient 
to cause destruction of the cables, on underground 
systems of any considerable magnitude, and that this 
resonance may occur without anything at the generating 
station to show its magnitude. Cables may therefore 
begin to break down for no apparent reason, due to 
* Journal of the American I.E.E., 1925, vol. 44, p. 354. 


the internal losses caused by harmonic frequency 
currents of the order of 150-350 periods per second. 
If these conclusions can be maintained it would seem 
that we must proceed with considerable caution in 
designing our systems, so as to avoid all tendency to 
resonance. At the same time it will nearly always be 
much easier to design a 25-period system than a 50- 
period system to fulfil this condition. This applies to 
local generation rather than to the “ gridiron." If my 
points be conceded, it may be found that Birmingham 
and Glasgow are in a better position to supply to distant 
parts of the Government “ gridiron ” (as well as to near 
parts) than, for example, Manchester. Under the cir- 
cumstances, it may be desirable to wait until the 
Government has decided whether its “ gridiron ” shall 
be exclusively ‘‘ overhead ” before scrapping any of the 
25-period machinery installed there. 

Mr. H. Joseph: We are at the moment, in my 
opinion, on the verge of enormous developments in 
the use of electricity for domestic purposes. With the 
probable passage shortly of the Electricity Bill, the 
home-hghting campaign, combined with many other 
factors, should, if coupled with a wholesale reduction 
of tariffs and the introduction of suitable domestic rates, 
bring about such a rapid expansion of this class of load 
as to be extremely embarrassing to distribution engineers 
unless they tackle the problem on bold lines and lay 
themselves out to meet the demand, by seeing that 
their cables will carry the load. After all, when a 
manufacturer is about to spend large sums in publicity 
his first step is to put himself in the position of being 
able to deliver the goods. Let us consider for one 
moment what our objective is. I think we shall find 
that the authors have by no means overstated their case. 
We believe that within the next few years, when we 
have sufficiently educated the public, and when reason 
has so far prevailed with the supply undertakers that 
they will offer a tariff of not much more than 4d. per 
unit (in addition, if they wish, some form of reasonable 
annual charge) electricity will soon be adopted for all 
purposes by all householders. In fact they will have 
no option but to do so, on economic grounds. Coal 
fires will become a luxurv for the wealthy. What, then, 
is to be the load on what the authors call a sub-distri- 
butor? Let us take an average semi-detached villa, 
occupying a frontage of, say, 15 yards. This type of 
dwelling predominates in residential districts. [Let us 
also take 20 houses on each side of the road on a 150- 
yard length. Allowing for diversity factor, the winter 
peak will be at least 4 kVA per house or, say, 80 kVA 
for this short length. With a 4-wire three-phase 230- 
volt distribution this means 120 amperes per phase at 
the feeding end, assuming tail-end sub-distributors, 
which is apparently what the authors intend to convey. 
The corresponding loads for larger houses with longer 
frontages will probably be no higher. It is not very 
clear from the paper what total lengths of main distri- 
butors and sub-distributors are likely, but it is obvious 
that the load on the former will be very large unless the 
lengths are to be reduced. The paper shows us how to 
avoid impossible sizes of cable by feeding at very close 
intervals. Have the authors applied their diagrams to 
actual maps, and do they find that it is possible to work 
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them into the peculiarities of typical supply areas? 
I should be glad if the authors would say which of their 
areas " A" to “‘ D" corresponds with the kind of load 
I have indicated. I am convinced that the average 
distribution svstem at present existing in residential 
areas is quite inadequate to cope with a load of 80 kW 
per 150-yard run on either side of road. 

Mr.G. Rogers: The authors have been very moderate 
in their statements and there is little in their proposals 
to which distribution engineers will take exception. I 
believe I am right in saying that the majority of under- 
takings are developing, wherever possible, much on the 
lines suggested in the paper. On the question of d.c. 
versus a.c. distribution the authors have been very fair. 
It is quite obvious that it is impossible to contemplate 
changing existing d.c. networks of any magnitude over 
to a.c. supply. In my opinion there is no object in 
doing so, as the advantages are all in favour of retaining 
the existing d.c. supply. In important shopping areas 
it is imperative to reduce to the minimum the possibility 
of a failure of supply. The use of large batteries must 
necessarily reduce the risk of such a failure. The 
density of the low-tension system in the centre area of 
Birmingham is approximately 17 000 kW per square 
mile. The total sectional area of the feeders supplying 
this load is approximately 160 sq. in. This is an 
enormous section of copper. I agree with the authors 
that the only way to meet the growing demand is to 
increase the number of distributing centres. The 
problem of the development of a d.c. network is, there- 
fore, much the same as that described in the paper, and 
as far as Birmingham is concerned we are meeting it 
bv erecting a number of automatic rotary-convertor 
substations round the city area to meet the increased 
demand and to make full use of the copper that is 
already laid down in the way of feeders from the existing 
stations. Referring to the authors' scheme, I note that 
it does not provide for induction regulators for regulating 
the pressure at the distribution substation busbars. I 
would point out that, in most large concerns, it is the 
custom to tap the e.h.t. ring mains and feeders supplying 
the distributing centres for giving a bulk supply to 
high-tension consumers. In practice, therefore, the 
voltage on these feeders often varies within large limits, 
and some form of regulation is necessary to give constant 
pressure at the distributing busbar centre to enable the 
authors' scheme to function. This will increase the cost 
of the scheme, and the authors should allow for this in 
comparing with the cost of d.c. distribution, where 
regulation can be obtained on the converting plant. 
Referring to Fig. 3 (a), I agree that it is a very attractive 
suggestion to connect the high-tension feeder direct to 
the transformer terminals. The authors show three sub- 
stations connected to parallel feeders in this manner. 
This, of course, involves, in the event of the failure of 
one transformer, the supply on one half of the three 
substations. There must, therefore, be delay in locating 
the fault and in re-charging the line to the sound trans- 
formers. In the meantime, the authors suggest that the 
other transformer in each of the substations fed by the 
one feeder would carry the load, the transformer being 
overloaded to the extent of 30 per cent in each case. 
It is clear that both the feeders would have to be liberally 


rated to carry this overload. The cost of suitable high- 
tension disconnecting switches is comparatively small 
and I am sure that many engineers would prefer to 
provide an oil disconnecting switch on each transformer 
to enable the supply to be restored as quickly as possible 
after a shut-down. Referring to Fig. 10, the authors 
suggest that the annual distribution costs per kW of a 
d.c. system work out about 30 per cent more than for 
the standard system. Surely this is much on the high 
side. An analysis of the published figures for 1925 of 
the Liverpool and Sheffield systems, the former direct 
current with batteries, ard the latter all alternating 
current, would seem to indicate that the figure is no 
more than 15 to 20 per cent. I agree with the authors 
that the voltage of the supply at the consumer's ter- 
minals should be standardized. I do not consider that 
it is possible to standardize networks in the manner 
suggested, or that it is possible to standardize the 
section of the distributors to be used. These points, as 
applied to any area, must be considered entirely on the 
merits of the case. It is economically unsound to lay 
down copper which will lie idle for a large number of 
years. 

Mr. F. Forrest : I disagree with the authors' state- 
ment that low-tension alternating current meets the 
needs of consumers quite as well as, if not better than, 
direct current. Most large cities of the world have 
installed and continue to use a d.c. system, which after 
many years' experience has been found to be universally 
suitable for all classes of low-tension lighting and small 
power consumers. The continuity of supply can be 
further safeguarded with this system by the use of 
storage batteries. In the central city areas, where even 
a temporary interruption would be very serious, the 
expenditure on batteries for this purpose can be fully 
justified. The a.c. system, however, is probably quite 
good enough for suburban or rural supplies where the 
load density is small. It is admitted that a low-tension 
a.c. system is cheaper to install and operate than a 
d.c. system and I gather that that is why the authors 
suggest it should be standardized and not because on 
the whole it is the best for the consumer to use. Having 
decided—wrongly, I think—that an a.c. supply should 
be standardized both for city and rural areas, the 
authors further propose that the standard voltage should 
be 230 volts. Bearing in mind that, so far as shock to 
the person is concerned, this is really equivalent to 
325 volts to earth, in my opinion this is too high a 
pressure for general use, especially in view of the fact 
that more and more portable apparatus is now being 
installed and brought into use. On a cost basis of 
“equal safety to the consumer," say 230 volts direct 
current and 160 volts alternating current, the relation- 
ship between the capital expenditure on the two systems 
would assume very different proportions to that 
shown in Fig. 10. My view therefore is that for city 
supplies the 3-wire d.c. system at a pressure of 230-460 
volts is best and should be standardized, whilst for areas 
in which the load density is comparatively small, the 
a.c. three-phase, 4-wire system should be used for 
reasons of cost, but this supply should be given at a 
voltage not exceeding 160 volts to earth. In both areas 
power consumers with, say, 50 h.p. and above should be 
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supplied with three-phase current at some pressure 
between 5 000 and 11000 volts with transformers in- 
stalled on their premises, and only small power consumers 
connected to the low-tension mains, which should be re- 
served chiefly for lighting, heating and cooking supplies. 

Dr. C. C. Garrard : I fully agree with the authors 
on the subject of standardization, and as a manufac- 
turer I heartily welcome their remarks. I am afraid, 
however, that if evervthing is done as they suggest, 
there will be still a great work to be done in impressing 
upon purchasers the advantages of standardization. 
Purchasing specifications still contain many differences 
and special requirements, and many purchasers do not 
seem to realize the advantages which would accrue to 
them in better delivery and a lower price if greater 
standardization in this respect were carried out. As 
regards the general adoption of a.c. distribution, I think 
the authors must take into account the question of 
voltage regulation. As far as I know, most large a.c. 
distributions necessitate the use of induction regulators 
at the substations. I would suggest, therefore, that in 
making a comparison this fact should be taken into 
consideration. Another point is the question of power 
factor. Direct-current distribution allows very con- 
venient means, by the use of synchronous machinery, 
of power-factor correction, and it seems to me that this 
point is of great importance. While I fully agree that 
for scattered districts a.c. distribution at 50 periods 
otfers many advantages, I am very doubtful whether, for 
the congested areas of our cities, alternating current is 
as good as direct current, on the ground of reliability 
of service. Direct current has the great advantage in 
such areas that batteries can be used as a stand-by. 
I was recently in New York and Chicago, and discussed 
this point with the engineers of those cities. They 
were firmly of the opinion that direct current would 
not be displaced in the central districts of those cities. 
It must be borne in mind that the load density is 
extremely high in the centre of those cities, very much 
higher indeed than the figures given in the paper. 
The Chicago Commonwealth Edison Co. has 30 000 
kW of batteries, on a l-hour discharge rate, installed, 
and these are sufficient to carry the whole d.c. load for 
6 minutes. Occasions have arisen when this has been 
required, which fact very strongly reinforces the opinion 
of the engineers there that the d.c. svstem will continue. 
The load density in the centre of London is also very 
much higher than the figures given in the paper, although 
not, of course, as high as in the American cities. One 
of the authors has stated that a reason for dispensing 
with oil switches in substations was on the ground of 
added reliability, but I think that this remark requires 
some modification. I could understand the argument 
that oil switches should be done away with on the ground 
of added simplicity and less cost, but I cannot agree 
that their abolition would increase the reliability. 

Mr. R. H. Rawll: The authors state that on the 
score of relative security of supply there is little to 
choose between the radial and interconnected high- 
tension systems. "They admit that the radial system is 
more likely to have simultaneous trouble on both 
circuits supplying a group of transforming centres, and 
thus on rare occasions causing a failure of supply over 


a considerable area, while the interconnected system will 
probably result in a greater number of shut-downs of 
individual transforming centres feeding small areas. 
They suggest, that when such shut-downs occur the supplv 
would be resumed by closing the links in street network 
boxes and thus temporarily feeding the affected area 
from neighbouring healthy ones. In my opinion the 
interconnected system is considerablv preferable from 
the point of view of continuity and reliability of supply. 
If one individual transforming centre shuts down owing 
to trouble on the high-tension side, the supply can 
quickly and safely be re.umed in the above manner 
without severely overloading adjacent transforming 
centres. On the other hand, with the radial system, if 
a shut-down occurs a large area consisting of a group 
of transforming centres is affected, and consequently 
much time will be involved before even a temporary 
supply would be available, owing to the number of 
network links to be closed, and also there is the distinct 
disadvantage in a large area of high load density of 
overloading and affecting neighbouring healthy areas. 
In considering the standardization of voltage a figure 
of 5 per cent of existing expenditure on distribution is 
given as the likely cost of replacing consumers' lamps 
and apparatus, alteration to meters and substation plant, 
etc. To my mind this figure is decidedly optimistic. 
In a recent change-over of this sort, in which I was 
engaged, the cost of lamp replacements alone was at 
least £1 per house. Taking 100 roads alone, the cost of 
this one item can easily be £10 000. It may be objected 
that part of this cost could be offset by selling the 
replaced lamp, but in actual practice there is very little 
market for second-hand electric lamps. The authors 
advocate changing over existing d.c. networks to alter- 
nating current and point out that, owing to the 
fluctuating polarity to earth, the number of faults on 
the network is greatly reduced by such a conversion. 
This is, of course, perfectly true and is borne out in 
practice, but the effect on consumers' installations falls 
into a different category. While I have no doubt that 
comparatively new installations will stand up to 230 
volts (a.c.) to earth (which it must be remembered is 
312 volts so far as the strain on the insulation is con- 
cerned), I venture to think that considerable trouble 
will be experienced on old installations of the tvpe 
one finds in the centres of large cities. 

Mr. W. E. Groves : It is becoming more and more 
difficult to find accommodation for heavy radial low- 
tension feeders in a town with a high density of demand, 
and it appears that some relief from the “stacking ” of 
copper will be necessary in the very near future. For 
this relief one looks to alternating current on account 
of its inherent flexibility and economic possibilities. 
As regards the choice between “‘ feeder’’ and ** distri- 
butor '" networks, this must be made with due regard 
to the particular lay-out of the streets in the district 
concerned. It would frequently be possible to form a 
main distributor by a combination of sub-distributors, 
adopting a standard section throughout and covering a 
large frontage. The advantage of an a.c. system is 
evident in the practical elimination of feeders due to the 
possibility of providing more frequent supply points. 
Conduits for distributors are impracticable, not only 
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because drawing-out would be impossible but because 
the frequent service tees would knock the conduit 
svstem to pieces. Armoured cables are worth 8 per 
cent more than plain lead cables, as there is less risk 
of damage in handling and laying, greater protection 
of lead (by additional tapes and armour) from chemical 
and electrolytic action, and improved protection against 
mechanical damage. As the authors say, an armoured 
cable is excellent for negotiating tight places, but 
another great advantage in its use is the ease with 
which it can be diverted after laying. This is most 
important in cities like Birmingham, which are being 
pulled to pieces for street widenings and alterations. 
These conditions apply particularly to suburban develop- 
ments. Conduits are more identified with a feeder 
system, and they are obviously necessary to prevent 
future disturbances where an important thoroughfare 
has to be opened up. They also solve to some extent 
the congestion difficulty by permitting the '' stacking ” 
of cables. In addition to the desirability of separating 
the systems fed from different main substations, it is 
also necessary to isolate groups protected by reactances 
at the main substations. This requires careful attention 
on an interconnected ring-main system. With the 
excellent cables now obtainable some risks may be 
taken as capital charges are so largely affected by 


stand-by arrangements. Most people would rather 
have supply for 364 days at 4d. per unit than for 
365 days at 5d. per unit. There are, of course, 
individual cases where such expenditure on security 
is justified. There are difficulties in installing pro- 
tective devices on interconnected e.h.t. '' rings " where 
many e.h.t. consumers are concerned. Even with 
simplified arrangements the cost of installation and 
maintenance must be heavy, reliability being sacri- 
ficed by the introduction of additional apparatus. The 
information as to alternative lay-outs is most useful for 
reference and represents a large amount of study and 
investigation. The smaller maintenance costs on a.c. 
cables as compared with d.c. cables, on account of 
freedom from osmotic troubles, is a most important 
item. The authors are fully aware of the difficulty of 
a general change-over from direct to alternating current. 
The use of the former system by pioneer undertakings 
requires no apology or excuse, particularly where plant 
is used jointly for traction and general supplies. If 
standardization is desirable to permit the interconnection 
of towns, it is even more desirable in order to enable 
different areas of a town to be interconnected as required. 
The point therefore which is to be determined is how far 
this consideration justifies the extension of d.c. supplies 
from an established d.c. nucleus. 


THE AUTHORS REPLY TO THE DISCUSSIONS AT LONDON AND BIRMINGHAM. 


Messrs. J. R. Beard and T. G. N. Haldane (in 
reply): We are very glad to find the large amount of 
agreement with the genera] proposals of the paper and 
the extent to which they have already been adopted 
in such important centres as Birmingham and Salford. 
We particularly value the support of the Chairman of 
the Electricity Commissioners and of the Chairman of 
the Sectional Electrical Committee of the British 
Engineering Standards Association. There is also very 
welcome evidence, especially in the remarks of Mr. 
Chattock and Mr. Page, of the increasing adoption by 
the management of progressive undertakings of the 
policy of looking ahead and laying out the networks 
of to-day with a view to the loads of to-morrow; the 
desirability of this is confirmed by Mr. Burbridge’s 
experience in the telephone field of the advantages of 
making provision for the future. 

Load densities.—It is satisfactory to find that criti- 
cism of our assumed load densities and rates of load 
increase has been in the direction of suggestions that 
they have been under-estimated rather than over- 
estimated ; this lends the more weight to the reasons 
which led us to write the paper. Mr. Burbridge points 
out that the 15 per cent annual increase in load which 
we have assumed leads to a much higher total figure 
than that given for 1950 in Sir John Snell’s recent 
Address to the Engineering Section of the British 
Association. It will be found that the latter was 
purposely made on the most conservative basis and also 
represents an average figure for the whole country and 
for all types of area and load. Our figure of 15 per cent 
is intended to apply to progressive undertakings in city 
areas where conditions particularly favour a rapid 


growth of load. The fact that under such circumstances 
our figure is a reasonable one is evidenced by the general 
agreement of those engineers directly in touch with city 
areas. 

As requested by Mr. Borlase Matthews, we have in 
Table A expressed the load densities assumed in Table I 
in terms of kVA per mile of distributor and have added 
the assumed number of consumers per mile. This also 
gives the information which Mr. Joseph requires. 


TABLE A. 


Load Density * and Number of Consumers per Mile of 
Distributor, 


mmal me | att | ata | seat 
area 
kVA No kVA No kVA No kVA No 
A 15| 25] 30| 40] 55 65 | 100 | 100 
B 30 | 40 55 65 | 100 | 100 | 190 | 165 
C 55 65 | 100 | 100 | 190 | 165 | 325 | 240 
D 100 | 100 | 190 | 165 | 325 | 240 | 515 | 310 


* As in Table I, the figures for load density correspond to the load at the 
main substation after making allowance for diversity. 


Voltage and type of current.—The selection for new 
systems of 400/230 volts alternating current on a four- 
wire system appears to meet with general acceptance 
The only exception is Mr. Forrest who, although admit 
ting the higher cost involved, advocates 460/230 volts 
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direct current for citv areas on the grounds that direct 
current is more suited to the requirements of consumers 
in such areas and that it enables battery stand-by to be 
employed. For suburban areas Mr. Forrest, while 
accepting alternating current, wishes to reduce the 
voltage from 230 to 160. A number of speakers empha- 
size the value of battery stand-by for central areas but, 
as Mr. Chattock himself points out, the majority of 
interruptions on existing d.c. systems have been due to 
the tripping out of the converting plant at the time of 
disturbances on the high-voltage svstem. We would 
suggest that this is an added argument for alternating 
current as this trouble would be avoided. In addition 
it is necessary to bear in mind, as mentioned in the 
paper and confirmed by Mr. Groves and other speakers, 
that the number of cable breakdowns is substantially 
decreased with alternating current. We are glad to 
have Mr. Sparks's support for the view that few under- 
takings will be prepared to continue to face the capital 
cost of batteries to deal with the large loads of the 
future and, even if prepared to do so, will have increasing 
dithculty in finding suitable accommodation. Reference 
has been made to the general use of batteries in the large 
cities of the United States. They have certainly been 
generally used in the past but the tendency at the 
present time is to restrict the growth of d.c. load by 
limiting it to smaller and smaller areas. It should be 
remembered, too, that in many important city areas 
such as Philadelphia and the northern part of New York 
the whole of the distribution is by alternating current. 
There have also been in this country for many years a 
number of important a.c. areas, and the fact that no 
public demand for greater security of supply has arisen 
in them would indicate that the general level of 
reliability is little, if any, less than with direct current. 
For existing systems Mr. Chattock and others strongly 
emphasize that it is impracticable completely to scrap 
existing d.c. networks in the majority of cases. This 
endorses our opinion as expressed in the paper, although 
Mr. Chattock seems to have assumed that we were 
advocating the opposite policv. There is evidently, 
however, some ditference of opinion as to whether or not 
such existing networks should be allowed to grow. Our 
view, as expressed in the paper, is that the d.c. load in 
such areas should not be allowed to increase and that the 
growth of load should be dealt with by superimposing 
gradually an a.c. network. Mr. Watson, while agreeing 
with restricting the growth of direct current, prefers not 
to have both alternating and direct current in the same 
area, and has dealt with the matter in Salford by chang- 
ing over outlying portions of his d.c. area. The fact 
that there is no suggestion entirely to scrap existing 
d.c. networks means, of course, that the advantage, 
pointed out by Mr. Chattock, of common stand-by plant 
for both the tramways and general supply system will be 
largely retained. 

Mr. Rogers’s analysis of the Liverpool and Sheffield 
figures is interesting, but we do not think that the 
deduction which he draws is the right one. The 30 per 
cent higher cost for direct current mentioned in the 
paper only applies to an area of comparatively high load 
density, and we point out that the difference will be less 
in an area with a lower load density but greater as the 


density increases. If allowance be made for the average 
existing load density of the low-voltage networks in the 
two cities being below that assumed in our comparison, 
the 15 to 20 per cent saving which Mr. Rogers finds in 
favour of the. Sheffield a.c. distribution substantially 
confirms our figures. 

As regards voltage, Mr. Forrest emphasizes strongly 
the inherent danger of alternating current at 230 volts. 
There is no doubt that alternating current gives a more 
severe shock for a given voltage, but it is surely necessary 
to take into consideration the fact that a.c. voltages of 
230 and even higher have been in extensive use for many 
years throughout the country without any serious conse- 
quences and that 220 volts is standard practice through- 
out the Continent. 

In reply to Mr. Burr, who asks why we proposed 
230 volts rather than the maximum 250 volts allowed by 
the Regulations, we would onlv say that one of the 
authors has some personal knowledge of the prolonged 
discussions, referred to by Mr. Sparks, which resulted in 
the unanimous agreement by the B.E.S.A. on a standard 
of 230 volts and is satisfied that this represents the best 
compromise of conflicting opinions. 

Low-voltage distribution system lay-out.—Mr.. Watson 
and others have pointed out the great ditference between 
actual conditions and the theoretical ones assumed for 
the purpose of the paper, particularly as regards the 
street lay-out. We thoroughly appreciate that a 
theoretical study requires proper interpretation by 
practical engineers, and adaptation to the conditions to 
be met, before the best system can be evolved for any 
actual area. This is because the practical conditions 
cannot all be taken into consideration in a theoretical 
study. but at the same time such a study does bring out 
certain underlving principles and tendencies which are 
obscured by the detail and routine of purely practical 
work. One of our objects will have been largely 
achieved if we have assisted in giving the practical 
distribution engineer a clear picture of the general 
principles necessary in order to make his system most 
suited to the requirements of future conditions. Although 
it was impossible to do so in the paper, we have in point 
of fact applied our principles to several typical distri- 
bution areas with complicated street lay-outs and there 
is much less difficulty in applying them than might 
have been expected. It has been suggested that our 
proposals are somewhat extravagant in the sense of 
putting down initially a large amount of copper to deal 
with growth of load many years ahead. We have, 
however, pointed out in the paper that one of the chief 
features of our proposed system is that all the copper 
is necessary at each stage of development and that at 
each stage a very close approximation to the most 
econoniical system is obtained. Possibly the diagrams 
may have given the impression that the full mileage of 
sub-distributor was laid down at the beginning of the 
first stage. Actually the calculations have all been 
made on the assumption that the mileage of sub- 
distributor increases with the load density. 

Mr. Ward suggests that there are advantages in 
Operating the complete system with the low-voltage 
networks fed from the various transforming centres 
linked up. For the symmetrical loading conditions 
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assumed for the calculations the linking-up would make 
no difference as no current would flow through the links. 


There is, therefore, no essential difference to our scheme ° 


whichever system is adopted. In practice the linking 
up would undoubtedly tend to improve regulation, but 
this would be gained at the expense of extending the 
area affected by any failure. 

Mr. Watson's preference for an intermediate 3 000- 
volt svstem in suburban areas does not appear to us to 
be justified. Even for such suburban areas 3 000-volt 
distribution is not appreciably cheaper than 11 000-volt 
distribution and certainly not sufficiently so to justify 
the extra cost of transformation and duplication of the 
high-voltage system. This opinion is confirmed by 
Mr. Page from his own experience. 

In connection with the conversion of existing three- 
wire d.c. svstems Mr. Ward makes the suggestion that 
distribution should be two-phase supplied through 
Scott-connected transformers. The difficulty is that 
existing neutrals are usually only about half the size of 
the outers and therefore, for the same lamp voltage, 
the carrving capacity is only two-thirds of that of a 
three-wire single-phase a.c. system, and the voltage 
regulation is also less satisfactory. An alternative 
scheme which has often been considered is to use 230- 
volt, three-phase, three-wire distribution. This is 
slightly cheaper than the two-phase arrangement but 
still only gives three-quarters of the capacity of the 
three-wire single-phase scheme. Mr. Whitcher suggests 
the consideration of six-phase distribution so as to 
enable existing three-wire distribution to be operated as 
desired at either 230 volts single-phase three-wire or 
230 volts three-phase, while new 230/400 four-wire 
feeders can still be employed. Purely as a distribution 
system it is less economical than a straightforward 
single-phase, three-wire system, to the extent to which 
the 230 volts three-phase distribution is used. The 
advantage of the consumer being able to use the cheaper 
three-phase motor is, to some extent, balanced by the 
disadvantage that three-phase 230-volt motors are not 
standard. The six-phase system undoubtedly compli- 
cates the distribution network and we do not attach 
importance to the possibility of balancing transformer 
loads between phases at individual transforming centres. 
In practice, it is quite sufficient to balance the phases 
between transforming centres. 

Mr. Page suggests that legislation allowing com- 
pulsory acquisition of substation sites may be necessary 
in the future. We have no doubt that this would be of 
great service to the supply industry as there are frequent 
cases throughout the country of excessive expenditure 
on distribution due to substations having to be placed 
in uneconomic positions for quite insufficient reasons. 
The difficulty which Mr. Page foresees of getting away 
the necessary cables from transforming centres will be 
considerably reduced with the comparatively wide 
spacing which we recommend, as this gives much greater 
latitude in fixing the position of the transforming 
centres. In addition to this advantage the particular 
lav-out we have adopted does not involve laying any 
additional cables from the transforming centres after 
they are first laid down ; as a rule the greatest difficulty 
is to find accommodation for extension cables. 


Mr. Page asks how we would propose to remove the 
heat from underground transforming centres. We do 
not think any ditficulty need be anticipated in doing so 
bv air-cooling, provided motor-driven fans are installed. 
There are at present in operation underground trans- 
forming centres of the same order of magnitude as we 
recommend. Oil coolers using forced air blast as a 
cooling medium are in satisfactory operation on trans- 
formers of 5 000 kVA. 

There seems to be general agreement that the neutral 
conductor should be the same section as the phase 
conductors. In reply to Mr. Burr, the 8 per cent saving 
with unarmoured cables laid direct is obtained after 
allowing for the cost of the protective cover but, of 
course, this is also included in the cost of the armoured 
cable. Mr. Burr's preference for the draw-in system is 
best answered by Mr. Groves's strong support of our 
advocacy of the armoured cable laid direct, based on his 
personal experience with the Birmingham network. 

Voltage vegulation.—Mr. Chattock, Mr. Rogers and 
Dr. Garrard have raised the question of voltage regula- 
tion. Undoubtedly the ease with which this can be 
accomplished is a point which must be set to the credit 
of direct current and so, as pointed out by Dr. Garrard, 
is the possible use of d.c. converting plant for correcting 
the power factor of the loads supplied from the high- 
voltage system to large industrial consumers. There are 
two ways of dealing with regulation on an a.c. system, 
viz. by voltage regulators or by running at a low current 
density. We have assumed the latter alternative and 
have allowed ample copper in the low-voltage mains 
to keep voltage variations within the permissible 
limits, on the assumption that the variation on the low- 
voltage terminals at the transforming centres will not 
exceed 2 per cent. Undoubtedly the actual voltage-drop 
in the high-voltage system and transformers will exceed 
this, but a large proportion of the drop can be discounted 
by the usual practice of increasing the generating 
station busbar voltage at times of heavy load and by 
suitable adjustment of transformer tappings from time 
to time to suit the average conditions. We consider 
that this, combined with the fact that the radial system 
gives an unusually high percentage of spare capacity 
normally available for reducing voltage-drop, would in 
most cases render unnecessary the installation of special 
voltage regulators to deal with the variation on the 
high-voltage svstem. However, even if we take an 
extreme case, and allow for the inclusion of automatic 
regulators with a range of 6 per cent in the transforming 
centre costs, the total annual cost of the distribution 
system would only be increased by from 2 to 3 per cent, 
for a type “C” area, depending on the stage considered. 
For Fig. 10, which compares a.c. and d.c. costs, this 
would have the effect of reducing the excess cost of 
direct current from about 30 per cent to about 28 per 
cent. 

Lay-out of high-voltage distribution system.—A con- 
siderable amount of criticism has been directed by a 
large number of speakers at the preference which we 
have expressed for the radial type as compared with the 
interconnected type of system, and in particular at our 
proposal to couple the transformers direct to the high- 
voltage cables. Several speakers also suggest that the 
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Saving in switchgear scarcely compensates for the loss in 
security. All questions of balancing security are largely 
matters of opinion and it is quite logical to argue that 
the less apparatus provided, the less the risk of break- 
down. Where substations have to be underground the 
absence of switchgear is a decided advantage. The 
treatment of transformers and high-voltage feeders as a 
unit is by no means novel and in fact we know of many 
instances where this has been done with single trans- 
formers and in none of them has any trouble been 
experienced. One possible objection is the difficulty of 
cutting off supply in the event of accident. This can 
be readily arranged by an emergency push-button 
switch on each feeder at each transforming centre, the 
pressing of which would disconnect the feeder at the 
main substation and all transformers connected to it at 
their respective centres. The necessary pilot wires can 
be provided at negligible expense as we have assumed 
that in any case a telephone circuit would be available 
between each transforming centre and the main sub- 
station. The arguments for and against the two types 
of system are given so fully in the paper that it is diffi- 
cult to elaborate them further here except to emphasize 
the desirability of curbing the present tendency to 
install an excessive amount of switchgear and to contro- 
vert the idea that because the interconnected system 
has been proved to have great advantages in developing 
certain types of system—particularly those in which the 
transforming centre loads are either small or very 
widely spaced—it is necessarily suitable for dealing 
with the special problem which has now arisen in city 
distribution where very high load densities have to be 
considered. Mr. Whitcher, who provides the only support 
for the radial system, goes much further than we are 
prepared to do and advocates it for all types of high- 
voltage systems. He makes the ingenious suggestion 
that triplicate feeders would simplify the automatic 
protection and give a more secure supply. We think 
that this deserves careful consideration for dense areas ; 
it might even result in a cheaper system if the three 
half-size feeders which he suggests were replaced by 


three full-size feeders supplying twice the number of 
transforming centres. The fact of three supplies being 
“available would enable at least as great security of 
supply to be given. Mr. Watson refers to the fact that 
in Fig. 3 we show eight feeders on the radial system and 
only six on the interconnected svstem. This is because 
four feeders are required for the load, and the inter- - 
connected system can be laid out with 50 per cent spare 
feeder capacity, whereas the radial system requires 
100 per cent. Mr. Borlase Matthews's query as to 
giving bulk supplies at 33 kVA is rather outside the 
scope of the paper but, as a rule, we do not think that 
the supply authority would object, provided that his 
svstem were protected by an automatic circuit breaker 
under his own control and designed to meet his usual 
standard of security. 

Diagrams.—Mr. Watson will find that the ordinates 
in Fig. 10 are not marked in pounds sterling ; in fact, on 
all diagrams the scales representing cost are purposely 
arbitrary ones as they are chiefly intended to form 
standards of comparison. Mr. Page and Mr. Burbridge 
ask that these scales should be expressed in actual 
values. In the upper ordinates of Fig. 8 and the ordi- 
nates of Fig. 9, 1 corresponds to £1; in the lower 
ordinates of Fig. 8, 1 corresponds to £40000; and in 
the ordinates of Fig. 10, 2 corresponds to £1. In giving 
these figures we should like to make it quite clear that 
the costs assume that a// the load is distributed through 
the low-voltage network and that they may, therefore, 
be higher than many existing costs of distribution 
which are average costs including many large high- 
voltage supplies with no low-voltage distribution. The 
importance of keeping this clearly in mind will be 
obvious from Fig. 8, which shows what a large pro- 
portion of the cost is represented by the low-voltage 
system. It must also be remembered that our 
estimates are based on present costs, whereas large 
parts of existing distribution systems were laid down 
at pre-war costs. As is well known, excavation costs 
have increased enormously, particularly in city areas, 
with which the paper deals. 
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NORTH MIDLAND CENTRE: CHAIRMAN’S ADDRESS 
By W. W. E. FRENcH, Member. 


(Address delivered at LEEDS, 16th November, 1926.) 


My first and pleasant duty is to acknowledge my 
indebtedness to the members of this Centre for electing 
me their Chairman. I am deeply sensible of the honour 
which has been done me, and my chief concern will be 
to discharge to the credit and the benefit of the Section 
the duties of the office entrusted to me. 

Great Britain's immediate problems are both agri- 
cultural and industrial, and any solution of our diffi- 
culties must be comprehensive and embrace the two. 
The political trend of the nations to-day is towards 
economic self-sufficiency. Consequently, the most im- 
portant industrial countries of Europe, particularly our 
own, are experiencing a severe check in the export 
trade of manufactured goods. 

The Board of Trade returns of Great Britain for the 
past three vears reveal a steadily rising adverse balance 
of imports over exports, as shown in the figures below :— 


Year =. ee ee oe oe 1923 | 1921 | 1925 


Millions of pounds sterling 


Surplus of imports overexports | 194.9 | 324-2 | 385-6 


Without attempting an analysis, it is most probable 
that the interest accruing from overseas investments, 
together with the shipping accounts, have been operative 
in the payment of this balance. 

One fact, however, stands out with clearness, and it 
is this: We are not at the present time tendering 
sufficient wealth by the export of manufactured goods to 
pav for the food of the people, and for the requisite 
raw materials. We must, therefore, vigorously recruit 
all our resources and apply all our knowledge to in- 
creasing the productivity of our manufacturing and 
agricultural industries. In this connection I would 
quote a passage from the presidential address of Mr. 
E. W. Rice, given before the American I.E.E. in 1918: 
" Now, properly understood, the fact that no single 
great invention is hkely to be made which will win the 
war, should be no cause for discouragement. This does 
not mean that there will be no improvement, no inven- 
tions, no new methods devised and put into effect. It 
simply means that we must not wait for miracles which 
will never appear, but get to work and energetically 
take advantage of all present knowledge. We must 
survey the field, get at all the facts, carefully determine 
our plans and then proceed to put them into execution.”’ 
This advice, although directed to war and success in 
war, is equally applicable to secure those fundamental 
conditions of steady progress in peace which should 
strengthen our industries and lead to prosperity. 


My intention to-night is to attempt a survey, neces- 
sarily brief and incomplete, of some of the facts and 
some of our knowledge which may help towards that 
end. 

GENERATION. 

Ihe high cost of coal since the war is compelling us 
to consider every possible means of reducing the heat 
losses in the generation of electricity and to obtain a 
more favourable heat balance in the generating stations. 
Although the coal consumption in our power stations 
has been nearlv halved, and thus the increase in the 
cost of coal has been almost balanced, the limit of the 
possible in this respect is being approached because 
developments are taking place on standard lines, or as 
extensions of standard practice rather than in the 
application of radically new methods. The solution of 
the problems—to substitute atomic energv for the hcat 
energy of coal, or the more direct conversion of hcat 
into electrical energv on a practicable basis—must, in 
the opinion of those best able to judge, be relegated to 
the future. 

A subject of absorbing interest and much discussion 
in power production is the gas turbine. The latest 
attempt towards a solution, possiblv the soundest in 
principle, is the Holzwarth turbine. Here the explosive 
mixture is compressed by rotary compressors, forced 
into combustion chambers and ignited; at the instant 
of maximum ignition pressure a valve opens and the gases 
expand through a nozzle straight on the impulse wheel 
of the turbine. The compressor itself is steam-driven, 
the steam being raised in an exhaust-gas boiler. From 
tests on a 1 000 h.p. experimental machine an efficiency 
of 25 to 26 per cent is claimed, but since this seems to 
be based on the ratio of the gross work done in the 
turbine to the heat supply, the negative work of com- 
pression being supplied by the heat from the exhaust 
gases, the true overall efficiency will more likely be in 
the neighbourhood of 124 to 13 per cent. The great 
disadvantages lie in the necessity to use rotary 
compressors and the separation of compression and 
combustion chambers. No trouble is recorded from 
overheating of the blading, which is constructed of soft 
electrolytic iron. Hadtields have recently introduced 
metal alloys which will resist oxidation at 1 000°C. 
and retain their tensile strength up to 900°C. While 
this constitutes a substantial advance in material for 
gas-turbine construction, the real difficultv is to obtain 
high compression efficiently. Until this problem 1s 
solved, if it is capable of solution, it may be assumed 
that the immediate future will not provide any funda- 
mental change in the generation of electricity by the 
introduction of gas turbines. 
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Experiments are being conducted to utilize mercury 
and SOə vapour turbines as adjuncts of the steam 
turbine. The initial step in this system is to vaporize 
the mercury and expend part of its energy in the 
mercury turbines. The mercury-vapour condenser 
Serves simultaneously for steam-raising, and again the 
steam condenser is used for the evaporation of the SOs 
which then passes through its turbine to be condensed. 
Thus a material improvement in the heat balance would 
be possible. Reliable information on the working of 
this system is not available; but the main and very 
serious objection, in view of the substances used, would 
appear to be leakage and its prevention, also the obvious 
complications arising in the operation of such sets. 

Thus progress will have to continue on the appointed 
lines and fuel economy must be attempted by the 
increase in steam pressure and temperatures by the use 
of by-pass turbines for feed-water heating and bv the 
installation of high-powered turbine units, all preroga- 
tives of the super-power station. 


SUPPLY. 


The universal supply of electricity throughout the 
United Kingdom is likely to produce the reverse effect 
to that experienced during the last century, when the 
conditions of power production imposed by the steam 
engine forced industries to centralize in localities of 
cheap coal and good transport facilities. 

The universal supply of electricity at low charges 
will initiate decentralization and ruralize industries ; 
the small cost of ground, the low rates and the smaller 
cost of living in rural districts will all combine towards 


a reduction in overhead charges and will assist the | 


manufacturer to produce at more competitive prices. 
With electricity as motive power, decentralization of 
the factory itself is quite conceivable. From such a 
process emerges the small master-owner who would 
make certain detached standard articles which are 
integral parts of machines to be erected in a central 
establishment. It would tend to re-establish '' home 
industries "' in the old-fashioned sense. The moral effect 
of such a position is almost incalculable. Much of the 
discontent and dissatisfaction of the modern artisan lies 
in his conviction that individually he is a very small 
cog in a very large machine, and that his advancement 
is strictly limited. Remove this conviction, and, given 
the possibility of attaining to industrial small owner- 
ship, his outlook on life would undergo a complete 
change, much to his own advantage and to the well- 
being of the whole community. 

The question is often raised that intensive electrifi- 
cation, coupled with the introduction of labour-saving 
machinery, may react adversely on labour. Now, 
although the returns show the average unemployment 
figures of the United States to be 19-1 per 1000, for 
Great Britain 25-9 per 1000, and for Germany 7-3 per 
1000, we find that practically all labour leaders in this 
country and abroad are staunch supporters of electric 
supply on the large scale. The reason for this attitude 
is the universal experience that the introduction of 
electric supplv, or its intensification in any district or 
country, has been accompanied by substantial reductions 
in the unemployment figure. 


Another factor which may have had some bearing on 
the labour attitude towards electric power supply is 


indicated in the following figures. In the United States 


the specific intensity of electric supply works out to 
about 3:5 h.p. per workman, in Great Britain to 
approximately 50 per cent, and in Japan to 25 per cent, 
of that of the United States. The average wages paid 
in America are approximately twice those paid here, 
and roughly four times as large as those paid in Japan. 
While it would be inadvisable to interpret these figures 
too literally and to generalize from these statements, 
yet there appears to be a direct and nearly proportional 
relation between the specific intensity of supply and 
wages earned, and it is certainlv right to insist that 
intense electrification will be followed by increased 
productivity in the industries and increased wage- 
earning capacity of labour, and that national electrifi- 
cation will inaugurate a phase of national prosperity. 

I have been told on good authority that, with the 
continuance of the present rate of increase of the world's 
population and provided that no new methods of 
cultivation and sanitation are evolved, all of the world's 
land available for this purpose will be under cultivation 
within two generations. Even the remote possibility 
of such conditions materializing should direct our 
thoughts to the most basic and most ncglected of our 
industries, to agriculture. The tendency of imports 
and exports to equalize, coupled with the threat of an 
adverse balance of imports, has already been emphasized. 

Intimately counected with this are the problems of 
home-grown foodstuffs leading to self-support in these 
islands, together with the problem of import reduction ; 
therefore, an industrialized agriculture pursuing intensive 
cultivation is an urgent national need. For these 
reasons agriculture must enjoy, as most industries do, 
the benefit of an abundant and cheap supply of electric 
power, and these benefits must become available with 
the least possible delay. The agricultural industries 
must be placed economically and technically in such a 
position that they can participate in the future to a 
much greater extent in the responsibility of tendering 
the nations' food supplies, a responsibility which, up 
to the present, has to be borne largelv by the manu- 
facturing industries. 


TRACTION. 


Electrical development for agricultural purposes must 
necessarily be slow and laborious; here electric main- 
line traction can be of particular service in providing 
the countryside with a system of transmission lines, 
which, being in some measure independent of the agri- 
cultural load, become immediatelv lucrative in virtue of 
the traction load. This policy has been adopted in 
France where the clectrification of the railways 1s part 
of a comprehensive national scheme, by which the 
water-power reserves of the Central Plateau and the 
Pyrenees connect with the industrial centres. The 
transmission lines follow the main lines of railway 
communication and form main arteries for the uniform 
electrification of the country. 

During the past decade, engineering opinion has again 
decided in favour of the d.c. system at pressures of 
1 500 up to probably 3 000 volts for main-line traction, 
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the decisive factors being the unrivalled characteristic 
of the d.c. series motor for traction purposes, and the 
heavy single-phase locomotive, the latter being due to 
the excessive weight of single-phase commutator motors 
at the low frequencies required for satisfactory com- 
mutation. Yet again, during the past three years new 
a.c. systems have sprung up which are likely to re-open 
discussion on this problem. One is the Kandos system 
now under trial on the Hungarian railways. Since this 
system is not generally known a brief description may 
be of interest. 

The supply to the locomotive is single-phase high- 
tension at 50 cycles, and the drive is by three-phase 
motors. As intermediary a phase-convertor of peculiar 
design is employed; it is a combined single-phase 
motor and a three-phase generator, each possessing a 
separate system of windings on a common stator, 
excited by a common field. Single-phase energy is 
taken from the overhead wire, driving the phase- 
convertor as a single-phase synchronous motor. The 
rotating d.c. field system also excites the three-phase 
generator, which in turn supplies the energy to three- 
phase induction motors. The small exciter is not a 
constant-voltage machine and is arranged for automatic 
voltage regulation so that the voltage from the three- 
phase generator varies approximately as the square 
root of the motor load, thus ensuring that the motors 
are working at terminal voltages conducive to maximum 
efficiencies. Simultaneously, the alteration of the field 
values effects a correction of the power factor of the 
motors, relieving the trolley system of idle kVA. 

A second machine which will interest those engaged 
in traction has recently been developed by Messrs. F. 
Krupp, of Essen. The machine is a single-phase 
induction motor developed expressly for traction pur- 
poses. Its characteristic feature is an intermediary or 
auxiliary rotor supplied with a squirrel-cage winding 
and a separate excitation winding which is usually 
energized by direct current but may be excited by 
very low-frequency three-phase currents. The inter- 
mediary rotor is not intended for energy transmission, 
and spins on the shaft of the main rotor. Its main 
functions are to eliminate the inverse field by means of 
the squirrel-cage winding, and to assist in the motor’s 
magnetization with a view to power factor compensation. 
As the intermediary rotor does not transmit energy, its 
magnetic axis will align with that of the stator, and 
leading current components result in the stator winding 
effecting any required compensation according to the 
value of the d.c. excitation of the auxiliary rotor. 
Owing to the elimination of the inverse field, the main 
or working rotor itself experiences a uniform rotating 
field, with the result that this motor can be used in 
cascade connection with normal three-phase induction 
motors for speed regulation. 


TRANSMISSION. 


The invention of the transvertor has placed the 
problem of the transmission of electrical energy by 
means of high-tension direct current in the sphere of 
practical politics. Since in long-distance transmission 
the line inductance, the charging currents and coron:e 
due to line capacity assume values of considerable 


magnitude, many challenge the superiority of alternating 
current and uphold direct current as a serious rival for 
this purpose. 

Fig. 1 shows a set of curves given by Ossana * in 
which the maxima of transmission efficiencies are 
plotted against transmitted kW for direct current, and 
for alternating currents at 50 and 16% periods respec- 
tively. The transmission distance is 100 km and the 
transmission pressure 220 kV in all cases. It is assumed 
that two reactances are used for the 50-period current 
to compensate for the capacity effects of the line. 
According to these curves there appears to be no case 
for the superiority claim of high-tension direct current 
except at the lower loads transmitted ; at any rate the 
advantage gained does not seem to warrant the com- 
plications involved in its generation or conversion. The 
criticism, however, which can be levelled against these 
curves is that they are based on comparisons between 
effective a.c. and effective d.c. voltages. 

When assessing the merits of the two systems it is 
obviously necessary to compare the effective direct 


Efficiency, per cent 


100 
Kilowatts x 10? 


Fic. 1.—Curves showing maximum efficiency with direct 
and alternating current. 


voltage with 4/2 times the effective a.c. voltage, and 
neglecting to do so completely ignores the importance 
of the relative cost of copper and insulation in high- 
tension work. It is well known that in such cases the 
cost of insulation far outweighs the cost of copper in 
cables, and that with high-tension overhead transmission 
the cost increases rapidly with the voltage. If, then, 
the systems are compared on the basis of the same 
maximum voltages it is immediately clear that twice 
the power can be transmitted by direct current, assuming 
the same weight of copper and the same losses in both 
cases. 

In realitv, conditions are much more favourable, and 
Mr. J. S. Highfield states that the safe d.c. pressure is 
at least twice as great as any a.c. pressure which may 
be used with the same insulator and the same cable. 
M. Delon's tests on underground cables, working at 
45 000 volts (a.c.), show that the d.c. pressure could be 
raised to 150 000 volts, which is more than 3 times the 
effective a.c. pressure. Accepting, however, Mr. High- 
field’s conservative figure, that twice the d.c. pressure 
may be used, then 4 times the power can be trans- . 
mitted bv the high-tension d.c. system over the same 
line with the same transmission losses. This leaves out 


* Elektrotechnische Zeitschrift, 1922, vol. 43, p. 1061. 
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altogether the question of corona losses, capacity and 
inductance effects, the problem of power factor and its 
correction. If these were included, coupled with the 
possibility of earth return, which is not permissible 
with three-phase transmission, the argument is over- 
whelmingly in favour of high-tension d.c. transmission. 
Its advantages are briefly summarized as follows: It 
will be possible to produce at a reasonable cost cables 
for pressures which, at the present moment, are only 
practicable for high-tension overhead transmission, and 
cable transmission becomes economically possible. The 
great importance of this in densely populated areas 
needs no emphasis. A similar economy can be shown 
to exist with overhead transmission. There can be 
little doubt that the lines for d.c. transmission must be 
much cheaper and simpler; this is expressed in Table 1, 
the figures having been gathered from Mr. Highfield’s 
papers on this subject. 


switching of high-potential direct current than with a.c. 
powers; with the latter the break is materially assisted 
by the fact that the current passes through zero every 
cycle. 

It is also well established that the wave-fronts of 
surges in the initial stage are so steep that, for practical 
purposes, their wave-shape can be regarded as rec- 
tangular, and that such waves only flatten after they 
have travelled a considerable distance; this pheno- 
menon is more pronounced for overhead lines than for 
cables. In addition, the crest values of the surges and 
those of the over-voltages so produced are very high. 
It appears, therefore, with regard to the over-voltages 
so produced, that some of the advantages due to the 
greater electric strength of insulating materials when 
subjected to d.c. potentials would have to be sacrificed. 
But according to Delon's tests a d.c. pressure approxi- 
mately 34 times an R.M.S. alternating voltage can 


TABLE 1. 
Overhead Transmission Line, 100 Miles. 


A.C. Transmission :—Steel towers, 82 ft. high, 800 ft. apart. 
D.C. Transmission :—Steel towers, 37} ft. high, 800 ft. apart. 
D.C. Transmission :—Same insulators as for 150 kV a.c. transmission. 


System qoum Transmitted power No. of wires Cost per kW pci 
volts kW £ £ 
Three-phase, 50 periods; cosó = 0:85 .. 150 000 50 000 6 5 0-0: 
D.C. 2-wire line ; both poles insulated T 200 000 50 000 2 3:5 0-035 
D.C. 2-wire line; both conductors in parallel. 200 000 Useful safe 2 2°79 0:0275 
Earth return capacity 60 000 
Underground Cable Transmission, 50 Miles. 
System se a a sys {ht RU 
; volts kW £ £ 
Three-phase, two 3-core cables, 0-15 sq. in. each core ; 
cos Ó =: 0-8 = 50 000 20 000 13-9 0-278 
100 000 20 000 6:4 0-128 


D.C. 2 single-core cables, 0:125sq.in. each. Earth return 


In the generation of high-tension direct current both 
the parallel and the series system have been used. 
Without entering into detail, it is common knowledge 
that the Thury series system has successfully generated 
and transmitted high-tension direct current on a large 
scale. Little trouble has been experienced with switch- 
ing operations, since the machines can be put in and 
out of service gradually. 

The development of the “ transvertor’’ will favour 
the parallel system of power control. In parallel 
systems large amounts of energy can be set free suddenly, 
resulting in heavy surges and high over-voltages, and, 
generally speaking, we may expect that short-circuits 
will be felt with greater severitv in d.c. circuits, also 
that greater difficulties will be experienced in the 


be applied, and if, therefore, Mr. Highfield's multiplier 


of 2 be accepted, a reasonable factor of safety is intro- 
duced, and thus the advantages claimed for the d.c. 
transmission system remain unimpaired. 


ELECTRIC MANUFACTURE. 


The electric manufacturing industries are faced to-dav 
with the problem of world competition in a market in 
which the number of competitors is steadily rising. 
The particular advantage of the majority of these is 
that their manufactured goods are debited with con- 
siderably smaller labour charges than is possible in 
Britain. Those conversant with the methods of arriving 


at works' costs know the high percentage which labour 


charges bear in the manufacturing cost of clectrical 
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machines and apparatus, and realize the handicap thus 
imposed upon British industries in the race for the 
world’s markets. 

The Commonwealths over-seas are rapidly expanding 
their manufacturing industries, Japan is a serious com- 
petitor in the East, the near future will see Italy in 
the ranks of the well-organized manufacturing com- 
munities, and last, but not least, France, through her 
material gains from the war and her campaign against 
imports, has risen to a first-rate industrial power. It 
should also be borne in mind that, owing to the per- 
fection of modern communications, new discoveries and 
inventions of any one nation soon become the general 
property of all, and that, therefore, engineering mono- 
polies such as Great Britain enjoyed in the past are no 
longer possible. In short, the struggle for the world’s 
market of manufactured goods has become the deep 
concern of every European country. 

I shall now attempt a brief inquiry into the means 
which could be and already have been adopted to 
maintain our export of manufactured goods. Granted 
an abundant supply of cheap electric power, the solution 
would lie in heavy specialization and standardization of 
definite articles, types of machines or apparatus in 
individual factories or groups of factories by mutual 
agreement. It is quite evident that lower costs cannot, 
and will not, be attained by reducing labour charges of 
production through a reduction in the wage standard of 
skilled labour. Many factories are making articles 
which do not fit rationally into the scheme of their 
productive organization, nor do they even constitute an 
important part of their output. They are made to meet 
occasional demands from the point of view of prestige 
and for commercial propaganda. They are produced 
for reasons not connected with the main problem of 
rational production, and must therefore be unremunera- 
tive and even represent a clear loss. The lucrative 
products suffer correspondingly in the redemption of 
the financial losses so incurred. A better policy would 
be to allot the manufacture of such goods to the few, 
instead of to the many, and to manufacture through 
Specialization, standardization and resulting mass pro- 
duction, at figures and prices competitive in the open 
market. This process can already be observed in the 
amalgamation of large firms of like and similar interest, 
permitting centralization of staffs and reduction of 
costly administrations ; simultaneously the manufacture 
of certain types and sizes of machines and apparatus 
has been allocated to those works within such combines 
most suited to their particular manufacturing organiza- 
tion. In this way it has become possible to secure a 
high degree of standardization and to establish mass 
production, resulting in low cost of manufacture. 

Smaller firms are concentrating on the manufacture 
of one kind of apparatus, machine or line of machines, 
and so acquire the intensive standardization vital to 
low cost of production. If this principle could be 
extended on a national basis and by mutual agreement 
in the manufacturing industries, there can be little 
doubt that immense benefits would accrue individually 
and nationally. 

It is of course obvious that a reorganization such as 
I have indicated could not be accomplished without the 
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aid of a standing committee or conference whose function 
would be to act in an advisory and co-ordinating 
capacity, and to promote agreement regarding a desired 
and suitable specialization within the manufacturing 
industries. Its membership could be recruited from 
such representative organizations as the British Elec- 
trical and Allied Manufacturers’ Association, the British 
Engineering Standards Association, and the British 
Electrical Development Association. 


FUEL. 


Cheap coal, cheap labour and an engineering monopoly 
lasting almost unbroken throughout the 19th century 
were among the chief causes of England's prosperity. 
None of these factors exists to-day; also, since the 
introduction of power distribution by electricity, 
countries hitherto of secondary importance industrially 
owing to their lack of power facilities at competitive 
rates, are now challenging Great Britain's favoured 
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Fic. 2.—Water-power reserves of most important countrics. 
Shaded areas show water horse-power installed. 


position by an energetic development of their immense 
water-power resources. Compared with the water- 
power reserves of other countries, our water horse- 
power available is almost a negligible quantity (see 
Fig. 2). Peat and oil may be regarded as possible fuel 
reserves, but they are either impracticable or only 
available in small quantities. 

Discussing the coal reserves of this country in a 
lecture before the Roval Institution many years ago, 
Prof. Bone made this pregnant statement: ‘“ The 
serious aspect, however, of the coal question for Great 
Britain is not how long can our coal reserves last, having 
due regard to the probable long continuation of the 
present upward tendency of our annual outputs, but 
how long we can continue to get the available coal at 
a cost which will not place us as a nation at a disad- 
vantage relative to our nearest competitors." In view 
of recent events in the coal industries these prophetic 
words, spoken many years ago, ring with alarming 
truth. Whatever the solution of the present coal crisis 
may be, the prosperity and even the existence of Great 
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Britain as a first-class manufacturing country is in- 
solubly bound up in the most economical and wise 
utilization of her coal. 

When considering the problem of coal utilization, it 
is important that we cease to consider coal simply as a 
fuel to be burnt in the raw state, whether in domestic 
grates or under boilers of the generating stations, or for 
whatever purpose, where this can be possibly avoided. 
So long as this practice is allowed to continue throughout 
the nation we are guilty of the most culpable waste, 
since all the valuable chemical by-products so essential 
to our prosperity in times of peace, and so vital to our 
security in times of war, escape unused. 

The electric supply industry requires approximately 
6:8 million tons of coal per annum. The coke available 
for sale from British gas-works amounts at present to 
8 million tons, which is sufficient for the generation of 
the whole of the electricity distributed in the country. 
Since roughly 80 per cent of the available heat units 
and the whole of the recoverable by-products are lost 
when burning coal in the raw state, the coke-fired 
station is, from the national economic point of view, a 
very sound proposition. 

It would also solve the problem of the disposal of 
coke, which has hitherto impeded large-scale operations 
of coal carbonization. I understand that some of our 
large generating stations have successfully applied coke 
to the generation of electricity. Another important 
aspect arising in connection with carbonization is the 
provision of liquid fuels, such as fuel oils and petrol. 
These commodities are being used in ever-increasing 
quantities. The greatest part of these requirements is 
imported. It is stated that for every million tons of 
coal carbonized by suitable methods 15 million gallons 
of the liquid fuel are recoverable. About 1 270 million 
gallons of crude oil, or its derivatives, are imported. 
If it were possible to subject the bulk of approximately 
145 million tons of coal now burned in the raw state 
to suitable carbonizing methods, the whole of the 
present requirements, now imported, could be met by 


our industries at home. Again there is no need to 
emphasize the national importance of the case. 

I do not propose to enter into the question of low- 
temperature carbonization as it is still a matter of 


controversy amongst the experts on the subject; but 


I will quote the views of Prof. Bone expressed at the 
First World Power Conference: '' A good deal has 
been said about low-temperature carbonization; but 
the right answer depends entirelv upon the market 
value of the products obtainable from it. If present 
low-temperature products be compared with the pro- 
ducts that can be obtained from the same coal by 
high-temperature carbonization, I doubt whether it 
would be found economical at the present day to 
carbonize at a temperature materially lower than that 
which is customary in the gas-works. I have seen no 
figures as yet, and certainly no practical results which 
would make me an advocate of low-temperature car- 
bonization, against the temperatures used in the gas- 
works for carbonization." A similar view regarding 
low-temperature carbonization was expressed by the 
Royal Coal Commission (1925). 

Reviewing the question of coal utilization, it seems 
essential that power development should begin with 
carbonization and by-product recoverv. The gas in- 
dustries would be charged with this process and the 
sale of the gaseous and other products. The electric 
supply industries would then take over the consumption 
of the solid fuels in the form of coke for power pro- 
duction; thus would their national economic value be 
further enhanced and strengthened. 

It is gratifying to know that the Council of this 
Institution, and the National Gas Council, have recently 


. appointed a Joint Committee to consider whether in 


the national interest an inquiry might advantageously 
be held into the possibility of closer co-operation between 
gas and electricity undertakings in producing capital 
and fuel economy in the supply to the public of energy 
derived from coal. The findings of this Committee 
should be awaited with the greatest interest. 


— a= ee a o E 


ee 


TURNER: RADIO-TELEGRAPHY AND RADIO-TELEPHONY. 


131 


RADIO-TELEGRAPHY AND RADIO-TELEPHONY.* 
By L. B. TURNER, M.A., Member. — 


Applied physics emerged from the war endowed with 
a new instrument, the high-vacuum three-electrode 
thermionic tube. In wireless telegraphy it had accom- 
plished much during those hectic years, but its unex- 
plored potentialities were clearly of vast extent. The 
valve, vacuum tube, electron tube or triode (as the 
device is variously called) provides the electrical engineer 
with an exalted form of relay, which possesses no inertia, 
which consumes no power from the controlling circuit, 
and which is capable of effecting changes of current or 
power in the controlled circuit faithfully proportioned 
to the e.m.f. impressed in the controlling circuit. Surely 
in inventive hands such an instrument could work 
wonders! and indeed during these eight years it has 
doneso. The triode itself has been improved, cheapened 
and popularized ; it has been manufactured in immense 
numbers and in great variety, and recently for very 
large powers; but above all its modes of application 
have been studied. The highly perfected instrument 
has been ready for some years, and although improve- 
ments will doubtless still be made, the most notable 
advances have lately been, and probably will continue 
to be, advances in its divers applications. In a survey 
of recent wireless progress, therefore, new and im- 
proved uses of triodes necessarily figure largely. 


THE RucBy STATION. 


The early part of the year under review was marked 
by the opening of the British Government's high-power 
station at Hillmorton near Rugby. As a measure of 
the effectiveness of transmitting stations, it is customary 
to quote the product of aerial current and effective 
aerial height, and this product is a fair index for com- 
parison between stations of not widely different wave- 
lengths. Round figures are given in the table for the 
aerials of several of the most powerful stations in the 
world. 


sto —— | eM 

Rugby - T 750 185 138 

Lafayette (Bordeaux) 540 180 97 

Monte Grande (Buenos 600 150 90 
Ayres) 

Sainte-Assise (Paris) .. 475 180 85 

Nauen (Germany) : 460 170 78 

Rocky Point (New 600 84 50 
York) 

Tuckerton (New Jersey) 400 90 36 

Caernarvon si 300 75 23 


* A review of p . Reprints, in pamphlet form, price 2s. 6d. each, can be 
obtained from the Secretary of the Institution. 


Rugby station, the tardy outcome of 16 years of 
commercial and political vicissitude, while as powerful 
as any single transmitter in the world, is more especially 
interesting in two other respects. First, its  high- 
frequency current of 750 amperes in an aerial suspended 
nearly 800 ft. above the earth and covering an area of 
about half a square mile, is produced by a group of high- 
power triodes. Hitherto aerial power of magnitude 


Oscillator 


Fic. 1. 


approaching this has been developed onlv by means 
of the Poulsen arc convertor (as at Lafayette), or by 
alternating-current dynamo machines with or without 
frequency multipliers (as at Sainte-Assise and Rocky 
Point, or at Monte Grande and Nauen). Second, 
this triode transmitter embodies neither a high-power 
triode oscillator exciting the aerial directly in the usual 
manner, as indicated diagrammatically in Fig. 1, nor 
a low-power triode oscillator exciting the aerial through 


Amplifier 


Oscillator 


Fic. 2. 


an amplifier, after the manner of Fig. 2, an arrangement 
which is becoming common. In each of these arrange- 
ments the frequency of the aerial current is determined 
by the dimensions of the electric circuits. But at 
Rugby a small steel tuning-fork is maintained in 
vibration at its natural frequency of about 1 800 cycles 
per sec. ; and from the feeble electric oscillation set up 
by this fork the ninth harmonic is selected, is amplified 
perhaps 100 000 million times in power, and is im- 
pressed upon the aerial This is indicated in Fig. 3. 
The chain of circuits contains, of course, many, including 
the aerial itself, which are tuned to the frequency of the 
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radiated waves ; but their tuning or distuning is wholly 
without effect upon that frequency, which must under 
all circumstances remain an exact integral multiple of 
the fork frequency. The method has been used in 
recent years on a small scale as a laboratory device 
for wave-meter calibration, and the experience at 
Rugby now shows that it may also be used to give the 
most perfect constancy of frequency in transmitters 
of whatever power. 


Filter ^ 


Amplifier 


Vibrating 
fork 


y" 


Tic. 3. 


The Rugby telegraph station has been described in 
some detail in the technical Press, notably in Mr. E. H. 
Shaughnessy’s paper before this Institution.* 


TRANSOCEANIC TELEPHONY. 


In addition to the telegraph plant, Rugby station 
has been equipped by the American Telephone and 
Telegraph Co. with apparatus enabling two-way tele- 
phony to be carried out between this country and the 
American Continent. Remarkable success has attended 
the trials, and good two-way communication has been 
maintained continuously during runs lasting many 
hours on end. The work, which is still in the experi- 
mental stage, has for its goal the commercial telephonic 
connection between any town in the British Isles and 
any town in the United States. Such an aim would 
have been regarded as quite fantastic by electrical 
engineers 12 or 15 years ago. Its present practicability 
is due to the applications of triodes large and small. 

An important feature of this unique transoceanic 
telephony installation is the employment of the '' single 
side-band " method of operation, developed by the 
American Telephone and Telegraph Co. and the Radio 
Corporation of America. In the usual wireless-tele- 
phony transmitter—in all present broadcasting stations, 
for example—while the microphone is at rest a steady 
high-frequency current flows in the aerial and radiates 
what is called the ''carrier wave." Let f, stand for 
this radiation frequency (e.g. 50 000 cycles per sec.). If 
now the microphone is activated by a steady tone of 
acoustic frequency f,, there are added to the aerial 
current of frequency f, two steady currents of frequencies 
(fr — fa) and (fr + fa). These radiate what may be 
appropriately called the side-waves. In speech or 
music, of course, f, assumes all values between say 50 and 
5 000 cycles per sec. Side-waves are therefore radiated 
whose frequencies cover the ranges (f, — 5000) to 
(f, — 50) and (f, + 50) to (f, + 5000). These two 
ranges are called the lower and upper ''side-bands ” 
respectively. The received signal is compounded of 

* Journal I.E.E., 1926, vol. 64, p.683. 


the carrier wave and the two side-bands, and the total 
range of frequencies occupied is practically (f, — 5 000) 
to (f, + 5 000) ; this is 20 per cent of the mean frequency 
when f, is 50 000 cycles per sec. In the single side- 
band method of transmission, on the other hand, the 
carrier wave and one of the side-bands are filtered out 
before reaching the aerial, which therefore radiates 
only a single side-band. The suppressed side-band is 
not necessary for acoustic reproduction at the receiver, 
but the suppressed carrier wave is necessary. It is 
therefore re-introduced at the receiver itself by a steady 
triode oscillator located there. In the successful practice 
of the single side-band method, much depends on the 
use of ''filters," groups of electrical circuits allowing 
currents of a certain range of frequencies to pass freely, 
but with a sharp cut-off for frequencies above and 
below the specified limits. 

Amongst the advantages of the single side-band 
method are: (1) The range of frequencies occupied 
by the transmitting station is halved; (2) the carrier 
wave, not having travelled through thousands of miles 
of variable weather on its way to the receiving circuits, 
is not subjected to that rapid fluctuation of strength 
known as fading, which is one of the great difficulties 
in the way of long-distance telephony; and (3) an 
oscillator of power measured in milliwatts suffices at 
the receiver to reintroduce the carrier wave which would 
require kilowatts at the transmitter. l 

The telephony installation at Rugby has been described 
by A. A. Oswald and E. M. Deloraine.* 


SHORT WAVES. 


The year which opened with the completion of the 
high-power long-wave station at Rugby has closed with 
the completion of the first of the eagerly awaited Marconi 
low-power short-wave beam stations. It has been 
freely asserted that the directive short-wave type of 
station is destined very quickly to make long waves 
obsolete and high powers unnecessary. Prophecy has 
even gone so far as the statement (in this Journal): '' It is 
certain that the Rugby station is the last word in high- 
power wireless stations, in two senses." We may, 
however, appreciate the wit of the writer’s double 
entendre while failing to see adequate grounds for the 
opinion it expresses. 

But whether or not the long wave is destined to go, 
there can be little doubt that the short wave has 
come to stay. Commercial companies and Govern- 
ment administrations in several countries have made 
systematic long-distance trials of short-wave working, 
and in some cases much paid traffic has been carried. 
Excluding the amateur stations, a list published in 
August 1926 shows no fewer than 140 transmitting 
stations in the world working on wave-lengths between 
150 m and 13 m. The rapidity with which these 
stations have sprung up is not surprising when it is 
realized that, according to long-wave standards, an 
absurdly small expenditure of time and money is 
needed for setting up (say) a 2 kW, 50 m transmitter, 
complete with a tiny but effective aerial 30 or 40 ft. 
high, capable of giving several hours' service a day at 
ranges measured in thousands of miles. From amongst 

* Electrician, 1926, vol 96, pp. 572 and 666, 
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many such results we may refer to a small experimental 
station of the British Post Office, installed at Leafield, 
which works on wave-lengths of 24 m and 56 m and takes 
only about 3 kW at the anode of the transmitting triode. 
Good communication carrying commercial traffic is 
usually obtainable with Halifax, N.S., during 18 hours 
of each day, and with Cairo during about 8 hours of 
each day. Such performances indicate that low-power 
short-wave stations can be utilized at least as auxiliaries 
to the more steady-going long-wave stations. 

A concise account of the present position of the theory 
of short-wave propagation has been given by H. Rukop,* 
together with a description of the Telefunken company’s 
experiments with wave-lengths between 100 m and 10 m, 
transmitting from Germany to South America, Java 
and Japan. 

With long waves, the wave-front appears to extend 
from the conducting ground or sea below to the con- 
ducting upper atmosphere, the Heaviside layer, some 
40-80 km above. The intensity (field strength) falls 
off continuously as the distance from the transmitter 
increases, partly owing to lateral spread (up to half- 
way to the antipodes), and partly owing to the abstrac- 
tion of energy from the wave by the ground and upper 
atmosphere, which are neither perfect conductor nor 
perfect dielectric. The attenuation grows as the wave- 
length is reduced, until at wave-lengths such as 1 000 m 
it is feasible to signal over distances of the order of only 
1000 miles. Long-wave stations have, in consequence, 
employed wave-lengths of the order of 10-20 km. The 
energy reaching the receiving aerial then travels in 
the form of a '' direct ” or earth-bound wave. 

The ionized region of the upper atmosphere may be 
regarded as influencing the waves in two ways, by 
refraction and by absorption. Owing to its free 
electricity (electrons) capable of being set into motion 
bv the electric field of the wave, it advantageously 
restrains the spread of energy upwards; and owing 
to the matter (molecules) with which the electrons 
are mingled and with which they collide, it dis- 
advantageously absorbs radiant energy by conversion 
into something in the nature of heat. As the wave- 
length is reduced below (say) 1000 m, the latter effect, 
together with the dissipation of energy at the ground, 
becomes so great that the intensity falls off too rapidly 
for long ranges to be attained. But it has been dis- 
covered (during the last three years or so) that when 
the wave-length is much further reduced, to 100 m 
and below, new phenomena are met with.. With these 
very short wave-lengths, although the ground absorption 
may be severe, the absorption in the upper atmosphere 
becomes so small that, provided the latter's refractive 
function can still be sufficiently exercised, the wave away 
from the ground is propagated with but slight attenu- 
ation. At a large distance, earth-bound ravs are so 
attenuated as to be of negligible intensity, but rays 
which were projected up towards the Heaviside layer 
may there be deflected down again and reach the distant 
receiver with great intensity. 

The mechanism of absorption, refraction (including 
reflection as a limiting case) and polarization in the 


© * Neurere Ergebnisse in der drahtlosen Telegraphie mit kurzen Wellen,” 
Zeitschrift fur Hochfrequenztechnik, 1926, vol. 28, p. 41. A translation has been 
published in Experimental Wireless, 1926 vol. 3, pp. 606 and 681, 


upper atmosphere has been the subject of much recent 
speculation and research, notably by E. V. Appleton 
in this country.* Phenomena such as those crudely 
described above have been explained quantitatively 
on hypotheses as to the nature of the upper atmosphere 
which are intrinsically not unlikely; and that the 
signals with short waves at long distances do somehow 
descend from above seems to be fully proved.t 

"The “skip” is one short-wave phenomenon, now 
well established, which does not seem to admit of any 
other explanation. With very short waves, the ground 
ray TA (Fig. 4) is rapidly attenuated ; steeply inclined 
rays such as TB are not enough deflected by the Heaviside 
layer to reach the ground again; but rays such as TC, 
which enter the layer with sufficiently glancing incidence, 
are deflected by it and meet the ground at C. Between 
T and A, but not beyond A, the ground rays are strong 
enough to be perceptible. At C and further away, 
strong rays refracted from above are found. But 
between A and C is a zone, called the '' skip," in which 


Fic. 4. 


no signals can be perceived. The skip distance varies 
from day to night and from summer to winter, but 
increases as the wave-length is progressively reduced. 
Much information on the skip has been collected in 
the United States and published by A. Hoyt Taylor.i 
With a wave-length of 30 m (10 000 kilocycles per sec.) 
in daylight the skip distance may be about 500 miles, 
but in the dark in summer it may increase to perhaps 
2 000 miles, and in winter to 4 000 miles. When the 
wave-length is reduced as far as about 10 m, it seems that 
our globe is too sharply curved to be struck by the 
feebly bent ray, even at the antipodes. Such wave- 
lengths, therefore, appear to be adapted to signalling 
only over very short terrestrial distances on the one 
hand, or from planet to planet on the other. 

Much progress has been made in the difficult technique 
of producing and detecting these very short waves, 
and transmitters have been constructed with powers 
up to as much as 50 kW. The chief obstacle to the use 
of very short waves is no longer instrumental, but lies 
in the remarkable inconstancy of their propagating 
powers. In general, for any given pair of stations far 
apart, a wave-length which is good for the daylight 

* The reader may dip into this intricate subject very pleasantly in Prof. 
Appleton's little monograph, '' On the Diurnal Variation of Ultra short Wave 
Wireless Transmission,” Proceedings of the Cambridge Philosophical Society, 1926, 
vol. 23, Part 2, p. 155. Testimony to the importance attached to the upper 
atmosphere is the Royal Society's debate on "' The electrical state of the upper 
atmosphere," on the 4th March, 1926. A 

t See especially R. L. Suiri- Rosk and R. H. BanriELD : "* An Investigation 
of Wireless Waves arriving from the Upper Atmosphere," Proceedings of the 
Royal Society, A, 1926, vol. 110, p. 580. 


“An Investigation of Transmission on the Higher Radio Frequencies,” 
Proceedings of the Institute of Radio Engineers, 1925 vol. 13, p. 677. 
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hours is useless for the dark, and vice versa. The 
difficulty of maintaining communication is, of course, 
specially acute during those hours when part of the 
track is light and part dark. Even at the same moment, 
slightly different tracks may have utterly unlike pro- 
pagating qualities, as is proved by the following instance 
recently given by Mr. Shaughnessy. Receiving stations 
at Banbury and Horsea, only 100 miles apart, listened 
simultaneously for short-wave signals from 4000 or 
5000 miles away. On one wave-length, good signals 
were received at Banbury while Horsea could get 
nothing ; on another wave-length, Horsea received well 
while Banbury got nothing. 


BEAM STATIONS. 


A facility afforded by the shortness of the new wave- 
lengths is a return to beam radiation, practised in the 
very beginning of wireless telegraphy by Hertz, whereby 
the power may be more or less concentrated in the 
direction in which it can be utilized. This may be 
done with a single excited aerial provided with some 
form of mirror; or by appropriately exciting a plurality 
of spaced aerials. Even a single vertical aerial without 
mirror is caused to radiate most strongly in a direction 
inclined to the horizontal when it is excited with an 
appropriate harmonic of its fundamental frequency : 
the Post Office short-wave stations are operated in this 
way. Much work along these lines has been done in 
this country by the Marconi Co., and in Germany, 
France and America. Realizing the supreme value 
for long distances of the rays refracted from above, 
the Telefunken company has used a horizontal aerial 
with a movable reflecting system disposed to cast a 
beam slanting upwards towards the sky. In signalling 
from Nauen to Buenos Ayres, with 2 kW in the aerial 
at a wave-length of 20 m, the reflector is reported * to 
have increased the received field strength up to 5 times 
that given by a simple vertical aerial, with which quick- 
change comparisons were made. 

With this type of apparatus there is concentration 
in a vertical plane. The Marconi Co., on the other 
hand, have devoted much attention to arrangements 
of reflectors, or groups of aerials, giving concentration 
in a horizontal plane. The beam stations now under 
construction for the Government are of this tvpe. A 
row of vertical aerials, each directly excited by the 
oscillator, throws what may be loosely described as a 
forward and a backward beam whose intensities are a 
maximum along the perpendicular to the plane of the 
row. The backward beam is reversed in direction 
(sense), i.e. is added to the forward beam, bv the action 
of a like row of unexcited aerials, parallel to the first 
row and suitablv spaced behind it. 

Although these Keviews of Progress are intended to 
report progress made up to the end of September, 
So much has been said about these projected stations 
during the past two vears that a reference may perhaps 
be permitted here to the actual completion (by the time 
of writing) of the Bodmin (transmitting) and Bridgwater 
(receiving) stations. After a week's trial of communica- 


* A. Mrissner: “ Über Raumstrablung,” Zeitschrift für Hochfrequenzstechnik, 
1926, vol. 2*, p. 73, 


tion in both directions between England and Canada, 
during which the specified average speed of 500 letters 
per minute for 18 hours per day was attained, these two 
stations were handed over to the Post Office on the 
21st October, 1926. An extraordinarily interesting 
experiment has thus begun with very gratifying results. 
These stations are of relatively high power (20 kW), 
and this power, it is believed, is in effect largely multiplied 
by the directive property of the aerials. But whether 
the multiplication of power will suffice to overcome the 
short-wave atmospheric vagaries during most of the 
24 hours on most davs of the vear, will be known only 
after a year's working has been experienced. 


BROADCASTING. 


In this country no very striking changes of a technical 
character can be recorded. Further study of the con- 
ditions necessary for faithful acoustic reproduction in 
the receiver; better acoustic transformers; triodes 
with improved dull-emitting filaments and lower anode 
a.c. resistance for a given amplification constant ; 
commoner use of the a.c. and d.c. electric light supplies 
to replace the too costly dry battery for loud-speaker 
operation ; advances have been made along such lines. 
It must be admitted that musical reproduction is still 
often far from perfect, not reaching even modern good 
gramophone standard; but whether the distortions 
occur chiefly between the air waves impinging on the 
microphone and the ether waves set up by the trans- 
mitter, or between the latter and the air waves set up 
bv the loud-speaker, or at both ends in non-compensating 
fashion, still awaits experimental investigation. The 
lack of certain knowledge on these points is probably 
attributable to the difficulty of making the requisite 
acoustic, not electric, measurements. The common 
experience, that an unaltered receiver sometimes yields 
music of good quality and sometimes of bad quality, 
seems convincing evidence that the qualitv conditions 
at the transmitter are not held constant. The changes 
occur from day to dav, and even occasionally suddenly 
during a single performance. But the relation between 
aerial current amplitude and air wave amplitude at 
the microphone is known to be not simply constant 
for all acoustic frequencies and amplitudes; and since 
the departures from this ideal simple relationship 
do not appear to be known, or at any rate publicly 
declared, conscious or unconscious attempts to make 
corrections at the receiver are necessarily in the nature 
of gropings in the dark. Thus, as a simple illustration, if 
the transmitter inadequately radiates the lower acoustic 
frequencies, and the receiver is arranged to compensate 
by handicapping the higher acoustic frequencies, the 
two evils conspire to make a good. But then a reform 
at the transmitter, intrinsically an improvement, would 
damage the overall performance. It is to be hoped 
that the time mav soon be ripe for a pronouncement 
bv the broadcasting authorities in quantitative form 
of the aims at their end, and of the extent and direction 
of the departures from those aims which cannot at 
present be avoided. Only so can the proper co-operation 
between transmitter and receiver be effected. 

Meanwhile, interference from and between foreign 
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stations has steadily grown. In Europe there are nearly 
180 existing and projected broadcasting stations working 
over a wave-length band of some 200 m to 600 m, i.e. 
Jr = 1500 to 500 kilocycles per sec. To reproduce all 
acoustic frequencies up to (say) 5000 cycles per 
sec., a receiver should possess sensibly uniform 
sensitivitv for at least all frequencies lying between 
(f, — 5000) and f, or between f, and (f, + 5 000). 
Highly selective receivers therefore cannot be used, 
whether or not they could be produced in a practicable 
form for unskilled manipulation. Since sharp cut-offs 
are not practicable in broadcast receivers, for the purpose 
of a rough estimation of the scope of the interference 
problem we may consider the situation which would 
exist if every receiver were sensitive over a band of 
width 10 kilocycles per sec. and were insensitive outside 
that band. If all transmitter frequencies were different, 
with an interval of 10 kilocycles per sec. between each 
and the two stations of nearest frequency, there would 
be room for (1 500-500)/10 = 100 transmitters ; and no 
two transmitters of equal power would then interfere 
with each other at any receiver equidistant from both. 
Since a listener may not unreasonably desire to receive 
a weak passage emitted at a distant station without 
disturbance by a strong passage (or the mere carrier 
wave) emitted at a near station, it is clear that only a 
very imperfect solution of the interference problem is 
possible. There is fortunately now in existence the 
Union Internationale de Radiophonie for dealing with 
such matters. The Union has prepared a scheme for 
European wave-length allocation, wherein it treats 
the congestion difficulty by allotting the same wave- 
length to a group of different stations, preferably of 
small or moderate power, with wide geographical 
separation between the members of a group. It re- 
mains to be seen how well this scheme will work. 

An exhibition of German broadcast apparatus held in 
Berlin in September * shows that Germany has over- 
taken the handicap imposed on her until recently by 
her post-war disabilities. 
interest is the Loewe-Radio multiple triode. In these 
instruments a single vacuous envelope encloses several 
sets of electrodes, together with anode resistances (for 
high-and low-frequency amplification), grid leaks and 
coupling condensers. A complete three-triode amplifier 
of this type, the whole enclosed in a single bulb with a 
six-pin cap, is at least a startling departure from ruling 
practice. Moreover, the complete amplifier sells for 
the remarkable price of £1 5s. 3d., including licence fee. 

A comparison between the prices of broadcast 
apparatus in this and other countries must be disquieting 
to all disinterested persons, especially so in the case of 
that essential component of every modern wireless 
instrument, the triode. A glaring, but all too typical, 
contrast between high prices in England and low prices 
abroad is provided by the following instance. Over 
the counter of a high-class shop in Paris the author 
recentlv purchased a triode of eminent Dutch manu- 
facture. The cost—which included a Aausse temporaire 
on the catalogue price, presumably on account of 
exchange fluctuation—was 6s. 5d. Similar articles 
manufactured in England were selling there at 22s. 6d. 


* An account is given in Experimental Wireless, 1926, vol. 3, p. 653. 


A real novelty of much 
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FREQUENCY MEASUREMENT AND QUARTZ RESONATORS. 


A few years ago, the frequencies of wireless telegraphy 
could be measured only roughly; and two frequencies 
could not even be compared with much precision. But 
the development of the triode has made it easy, by the 
beat or heterodyne method, to compare two nearly 
equal high frequencies with great accuracy; and by 
utilizing the harmonics of the fundamental frequency 
of a triode oscillator the method is applicable to the 
highest frequencies with extraordinary facility. The 
frequency of a mechanical oscillator such as a tuning-fork 
can be determined as accurately as minutes can be 
measured ; and when this oscillator is made to control, 
or is co-ordinated with, a triode oscillator, the same high 
accuracy is obtained without much difficulty in the 
measurement of even the highest frequencies now in 
use. Wireless signals of specified frequency, accurately 
determined in this way, are radiated by various ad- 
ministrations— notably in this country from the National 
Physical Laboratory—thus enabling every receiving 
station within range to check its instruments against 
the laboratory standards. . 

Lately, the standardization of frequencies has been 
further facilitated by the application, following W. G. 
Cady, of the reversed piezo-electric effect in quartz 
to indicate resonance between a high-frequency electric 
field and a mechanical free period of the quartz specimen. 
A suitably cut slab of the crystal, advantageously of 
disc form, placed loosely between the metal plates of 
what might be a tiny air condenser comprised in a 
high- frequency circuit, undergoes an alternating 
mechanical strain as an effect of the alternating p.d. 
between the plates. By various electrical methods it 
is easy to detect with great precision the occurrence 
of resonance between the electrical frequency and the 
free mechanical frequency of the quartz specimen ; 
and since quartz is hard and tough its frequency is not 
liable to accidental alteration by unavoidable wear and 
tear. 

The resonance frequency, expressed in terms of the 
corresponding wireless wave-length, is given approxi- 
mately by the formula: 


(No. of metres of wave-length) — 110 x (No. of 
millimetres of thickness of quartz slab). 


Thus a quartz frequency standard for a wave-length 
of (say) 1100 m would be about a centimetre thick. Its 
length and width might be a few centimetres; and 
in a package weighing a few ounces this precise frequency 
standard might be sent anywhere by post. 

The resonant quartz crystal can also be made to 
control automatically the frequency of a transmitter. 
For this purpose it may be associated with a triode in 
the same fashion as is the tuning-fork in the well-known 
triode-driven fork of Eccles and Jordan. But whereas 
a steel fork is convenient for frequencies of the order 
of 1 kilocycle per sec., the quartz plate is suitable for 
frequencies of the order of 1 000 kilocycles per sec. A 
number of broadcast transmitters in America, amongst 
them the station KDKA, are operated in this manner. 
An excellent summary of the fundamental piezo- 
electric effect and its application to the measurement 
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and control of high frequencies has been given by 
A. Scheibe.* 


MISCELLANEOUS. 


Direct experimental knowledge of the form of atmo- 
splicrics was first obtained a few years ago by the oscillo- 
graphic observations of Appleton and Watt. This work 
has been carried a good deal further in a paper entitled 
“On the Nature of Atmospherics " (Parts II and III) 
by Appleton, Watt and Herd.f Statistical analyses of 
8 000 individual drawings of atmospheric wave-forms 
have been made. Observations of special practical 
significance are that (in England, in autumn) the fine 
structure of atmospherics was found to show in many 
cases a ‘ripple period " of the order of 100 micro- 
seconds ; the shortest ripple period was 30 micro- 
seconds; the greatest number of ripples observed in 
one train was 22; and the mean of the maximum ripple 
in the observed trains was 0-027 volt per metre. 

Two theoretical papers have appeared recently,¢ deal- 
ing with the interference produced in receiving circuits 
by atmospherics, and investigating the limiting extent 
to which protection can be obtained by the use of 
selective circuits. It is fairly obvious on general 
principles that complete freedom would be obtain- 
able with ideally perfect circuits if, and only if, 
the signalling modulation frequency (telephonic or 
telegraphic) were reduced to zero. The story of the 
long line of anti-atmospheric devices has, for the most 
part, been a story of disappointment, often of puzzled 
disappointment; and it seems that a great deal of that 
etfort has been directed to the achievement of what a 
profounder theoretical understanding would have 
foreseen to be impossible. The following extract is 
taken from Mr. Carson's important paper. “ The 
analysis of a number of representative schemes, such 
as the introduction of resistance to damp out disturb- 

€ Zeitschrift für Hochfrequenstechnik, 1926, vol, 28, p. 15, 

t Proceedines of the Roval Society, A, 1926, vol. 111, p. 615 

L. J. Peaers: " Bebaviour of Radio Receiving Systems to Signals and to 
Inteiterence," Journal of the American. TEE. 1926, vol, 45, p. 707; and 


J: KR. CaksoN: ‘Selective Circuits and Static Interference," Bell System 
“echnical Journal, 1925, p. 269, 


ances, balancing schemes designed to neutralize static 
without affecting the signal, detuning to change the 
natural oscillation frequency of the circuit, demodula- 
tion through several frequency stages, etc., has shown 
that they are one and all without value in increasing 
the ratio of mean square signal to interference current. 
In the light of the general theory the reason for this 
is clear, and the limitation imposed on the solution of 
thestatic problem by means of selective circuits is seen 
to be inherent in the nature of the interference itself.” 
In face of such a conclusion, an added interest attaches 
to the use of short waves, which, at anv rate below 50 m, 
appear to be very little subject to atmospheric inter- 
ference. 

The art of wireless communication is being extended 
very successfully, notably by the American Telephone 
and Telegraph Co., from the communication of con- 
ventional signals and of actual sounds to the communica- 
tion of actual shapes; not as yet to television—though 
that may well come soon—but to the reproduction of 
pictures. It appears to be an affair only of economics 
and a little further progress in instrumental detail to 
make the wireless transmission of pictures an everyday 
commercial process. 

The torrent of technical literature does not abate, 
and those who try to keep in touch with it may be excused 
if they sometimes dream of a happier world without 
a printing press. But, alas! in order to do efficiently 
it is incumbent on most to read assiduously ; and any 
easements of that heavy labour must be welcomed. 
During the last year two such easements have occurred. 
First, the Institution began in March, 1926, to issue the 
Proceedings of the Wireless Section bound up separate 
from the Journal. This is a convenience to the members 
of the Section, as well as to non-members of the Institu- 
tion who wish to purchase the wireless papers only. 
Second, the useful monthly index prepared for some 
years by the Radio Research Board has from June 
been made available to the public, in improved form, 
under the title “ Abstracts and References" in the 
monthly journal, Experimental Wireless. 
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ELECTRICAL STANDARDIZATION, 1926.* 
By P. Goop, Member. 


In the first progress review on standardization, which 
appeared in the April 1926 issue of the Journal, a brief 
survey of the history and development of industrial 
standardization in the electrical field in this country 
was included, as well as some reference to the scope of 
work coming under the general heading '' Standardiza- 
tion.” It was then shown that, broadly, the term 
*' standards,” in addition to being a measure of quality 
or standard of comparison, means a common unified 
practice, method or dimension which it is to the 
interest of industry and the community to adopt. It 
is applied to the following :— 


Nomenclature and symbols. 
Simplification of types and sizes. 
Standardization of tests. 
Interchangeability of parts. 
Rules for performance. 

Quality of material. 

Conditions of contract and sale. 
Guarantees of performance. 


In that review it was only possible to include a brief 
reference to the progress of the movement in other 
countries. This year's review, therefore, will, in addition 
to a report on the progress of the work in this country, 
include a short summary of the history aad progress 
of co-operative industrial electrical standardization in 
some of the other countries. 


GREAT BRITAIN. 


The support given to industrial standardization by 
all branches of the electrical industry in this country, 
is direct evidence that its value is appreciated, but 
the question as to its utility is, nevertheless, still so 
frequently asked that it may not be out of place to 
tabulate some of the results which justify the time 
and money spent on the work. These are :— 


Reduction in the time and expense involved in pre- 
paring inquiries for quotations. 

Establishment of a uniform basis for tenders, thus 
rendering them more easily comparable. 

Possibility of larger production with consequent 
reduction in cost. 

Securing of a greater degree of continuity in employ- 
ment, because stocks can be produced in slack times. 

Quicker delivery (both of complete articles and 
replacements). 

Reduction in cost of replacements. 

Uniformity in methods of sampling and testing. 

Greater uniformity in quality and performance of 


* A review of progress (sce vol. 64, p. 495). Reprints, in pamphlet form, 
price 2s. 6d. each, can be obtained from the Secretary of the Institution. 


material supplied, making possible reductions in 
cost due to— 


(a) more accurate design of apparatus and 
machinery ; 

(b the economic use of a cheaper grade of 
material ; 


(c) the use of a lower factor of safety. 


Reduction in the number of misunderstandings and 
disputes. 


Practically all industrial and scientific bodies in this 
country now refer questions of standardization to the 
British Engineering Standards Association (B.E.S.A.) 
although a number of them carry out valuable pre- 
paratory work. The closest co-operation exists between 
the British Electrical and Allied Industries Research 
Association and the Sectional Electrical Committee of 
the B.E.S.A., technical requirements drafted by the 
Research Association as a result of research being 
submitted in due course to the B.E.S.A. for considera- 
tion with a view to the ultimate issue of appropriate 
British Standard Specifications. 

In spite of the great success which has attended the 
co-operative methods adopted by the B.E.S.A., it is to 
be regretted that in one or two branches of industry 
the fallacy is still entertained that the manufacturers 
are able to establish standards without consultation 
with the rest of the industry. It is true that in many 
cases it is expeditious to obtain a preliminary draft of 
a specification from the manufacturers, but it has been 
proved that no draft prepared by manufacturers can 
hope to be of maximum utility, until it has been care- 
fully reviewed by a joint committee of makers and users. 

The great importance of a standard voltage and 
frequency throughout the country has at last been 
sufficiently generally recognized, so that steps are being 
taken to bring this reform within the bounds of 
possibility in the near future. The adoption as rapidly 
as possible of the standard voltage laid down by the 
B.E.S.A., namely 230 volts (400 volts between phases), 
and the standard frequency of 50 should be urged on 
all authorities. 

It should always be remembered that every departure 
from a uniform standard voltage and frequency rebre- 
sents a tax on the community as a whole, a tax which 
falls more heavily on the consumers in the district so 
departing. 

It is perhaps worth recalling in this connection. that 
only a few years ago two standard voltages were adopted 
in order to provide for the difficulty of making electric 
lamps to an exact standard voltage. Within a very short 
time improvements in manufacture of lamps made the 
adoption of only one standard voltage possible, and the 
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reduction in stocks of lamps and other apparatus which 
will be brought about by such a change will be enor- 
mous. Alterations of standards of this character are 
very serious, but if this experience is taken to heart by 
all responsible for setting up such standards, and results 
in their bringing to the work a broader view, the lesson 
will have been useful. 

Nomenclature and symbols are always a difficult 
problem. The B.E.S.A. “ Glossary of Terms used in 
Electrical Engineering," which was issued just prior 
to the last report, has focused attention on the importance 
of these branches of standardization work. 

In a paper read before the British Association (Oxford 
Meeting) the definitions of some of the Fundamental 
Terms given in the Glossary were criticized. There 
was not time for a reply by those responsible for the 
drafting of these definitions, but the paper had the 
advantage of showing that, in regard to some of 
the fundamental terms, there were still wide differences 
of opinion which ought to have been settled years 
ago. The British Association has now appointed a 
Committee to try to secure agreement, and when this 
is done the agreed definitions will be included in the 
Glossary. 

Standardization of symbols has been carried one stage 
further by the adoption internationally of practically 
all the accepted British Graphical Symbols. The 
establishment of what is in effect a universal language 
for electrical diagrams is of immense value, not only to 
electrical engineers, but to an ever-widening circle of 
the general public, as is shown by the space now given 
in the daily Press to such matters. The popularization 
of wireless as a technical hobby has undoubtedly stimu- 
lated interest in general electrical engineering, and the 
reading of technical diagrams is greatly facilitated by 
the use of a standard symbolic code. Almost every 
schoolboy can to-day pick up a wireless journal written 
in a foreign language, and although he may not be 
able to read a single word of the text he can learn 
practically all he wants to know from a study of the 
diagrams. 

During the year under review the following British 
Standard Electrical Specifications were issued :— 


81-1926. Instrument Transformers (revision). 

89-1926. Indicating Ammeters, Voltmeters, Watt- 
meters, Frequency and  Power-Factor 
Meters (revision). 

91-1926. Electric Cable Soldering Sockets (revision). 

97-1926. Watertight Fittings for Incandescent Elec- 
tric Lamps (revision). 

168-1926. Electrical Performance of Industrial Electric 

Motors and Generators with Class A 

insulation (revision). 

170-1926. Electrical Performance of Fractional-Horse- 
Power Electric Motors. 

194-1926. Switchgear Equipments for Direct-Current 

: Circuits. 

205-1926. "Terms used in Electrical Engineering, Glos- 
sary of. 

216-1926. Vulcanized Fibre for Electrical Purposes. 

232-1926. Industrial Reflector Fittings for Electric 
Lighting (No. 1). 


271-1926. Fixed Condensers for Radio Reception 
Purposes. 

171-1926. British Standard Specification for the 
Electrical Performance of Transformers 
for Power and Lighting. 

235-1926. Gear Wheels and Pinions for Electric 
Tramways. 

229-1926. Flameproof Enclosures for Electrical 
Apparatus. 

268-1926. Switchgear Cells and Cubicles of Concrete 
Moulded Stone. 


That this list is not longer is largely due to the 
need for economy on account of lack of funds, also 
to the amount of time devoted during this year to the 
international side of electrical standardization. 

There is still an unfortunate lack of specifications 
for materials used in the construction of electrical 
apparatus and machines, but it is expected that this 
will be remedied before long, as the Electrical Research 
Association have in hand extensive researches which 
should lead to a useful series of specifications for insu- 
lating materials. 

Not only is progress in design made possible when 
the materials employed are of a recognized standard 
of quality, but the user of the finished apparatus has 
assurance of more satisfactory performance and life. 

In the case of electrical accessories for the wiring of 
houses there is still much that could be done with 
advantage. The dimensions of the 2-pin wall plugs and 
sockets are established, but no standards are yet avail- 
able for 3-pin plugs; the domestic replaceable fusible 
cut-out is used very widely, but no standard dimensions 
are yet agreed ; neither is there any uniformity in the 
sizes of connections for portable apparatus. Agreement 
has only just been reached as to the rating of tumbler 
switches, but no degree of interchangeability has yet 
been secured. Proposals to standardize wood blocks so 
that they could be supplied ready-drilled are received 
with amusement, in spite of the fact that the cost of 
drilling them on site must frequently exceed the cost 
of the block itself. 

Whilst it is true that standardization should never 
be allowed to impede progress, progress is a much 
misused word. It is too frequently considered only in 
its immediate relation to present and past practice 
and in a personal way. Change for the sake of variety 
is commonly miscalled progress. In the case of the 
ordinary electrical wiring materials, would not com- 
plete standardization, mass production and a consequent 
low selling price be an important factor in the creation 
of a still bigger demand for electricity ? 

In the field of electric heating no standardization has 
yet been accomplished, but the Incorporated Municipal 
Electrical Association is making a useful study of the 
subject. ‘No desire has yet been expressed by makers 
to bring about interchangeability of elements of fires 
and cooking apparatus, or the setting up of standards 
for the radiant efficiency and life of the various types 
of electric heaters. 

A review made a few years ago showed that over 
500 sizes of accumulators were in use on British railways, 
where probably 50 sizes would have filled all require- 
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ments ; yet efforts which were made to introduce simpli- 
fication were not sufficiently supported by the makers 
to enable anvthing useful to be done. 

The standardization of wireless components was 
started in 1925, and Specifications for ebonite and fixed 
condensers have been issued. Progress with regard to 
other components is not so rapid as it should be. In 
the case of coils, delay has been caused by an absence 
of knowledge on the part of the makers regarding the 
electrical properties of their products. A series of coil 
sizes with definite inductive values is, however, under 
consideration. The urgent question of valve nomen- 
clature has not yet been settled, due to the very wide 
differences in the terms, which have almost become 
trade marks, used to designate the various types pro- 
duced by different makers. 

A standard range of reception for complete wireless 
receivers has often been advocated, but nothing so far 
has been done. j 

Two years ago, at the request of the British National 
Committee of the International Illumination Commis- 
sion, the B.E.S.A. set up a Sectional Committee on 
Illumination in order that standardization in this field 
could be carried out on a comprehensive basis covering 
all the recognized illuminants, and it is gratifying to 
report steady progress during the past year. The 
electrical interests take a more active part in this 
work than those representing other illuminants. 

Specifications have been completed for Portable 
Photometers and for the Dispersive Type of Industrial 
Reflector Fitting for direct general lighting with elec- 
tricity as the illuminant, and a specification for trans- 
lucent glassware fittings for interior lighting for both 
gas and electricity has made good progress. A list of 
terms and definitions used in illumination and photo- 
metry has been issued. 

A Specification for Street Lighting has been drafted 
and circulated widely for comment. This Specification 
provides a basis upon which street lighting installations 
can be compared, tenders invited and installations 
tested on an equitable footing. It is the opinion of 
many competent observers that the present standard 
of illumination in a large proportion of artifically- 
lighted streets is not high enough to be accepted 
as British Standard practice. The draft British 
Standard Specification for Street Lighting has de- 
parted from usual practice by deliberately setting a 
standard higher than that commonly existing at the 
present time. 


MARK OF QUALITY. 


Licences to use the trade mark “ BESA " are now 
being issued to British Makers by the British Engineer- 
ing Standards Association. This mark may be used, 
under defined conditions, on materials, apparatus 
or machinery which conforms to a British Standard 
Specification. The first licences have been issued during 
this year. 

BRITISH EMPIRE STANDARDS. 


As reported last year, fairly complete machinerv now 
exists whereby close co-operation is maintained between 
those preparing electrical specifications in this country 


and engineers in all parts of the British Empire. In 
Canada, Australia and South Africa the Local Com- 
mittees of the B.E.S.A. have formed independent 
Standardization Associations. The Australian Common- 
wealth Engineering Standards Association reproduces 
the British Standard Specifications as Australian Stand- 
ards, modifying them, if necessary, to suit local condi- 
tions. 

It is with regret that it is necessary to record that 
South Africa has not been able to adopt the British 
standard voltages. 

There is likely to be opportunity for more complete 
consultation in the future with the Overseas Committees 
as a result of the meetings of a Sub-Committee of the 
Imperial Conference. The following is extracted from 
this Sub-Committee's Report :— 


“ It is recognized, not only that the principle of 
standardization can be less advantageously utilized 
in some industries than in others, but also that it is 
not one to be applied indiscriminately. In particular, 
it is important to beware of the risk of impeding 
technical progress, and to see that suitable provisions 
for adequate revision are not overlooked. But even 
when full allowance is made for these qualifications 
it is generally agreed that the practice of standardiza- 

. tion—using that term in the widest sense—could be 
extended much further, with great economic benefit 
to producers and consumers alike. 

“ A considerable amount of progress has been made 
within the Empire, both in the extension of standardi- 
zation and in securing common standards. In Great 
Britain and Northern Ireland, Canada, Australia, 
South Africa, and India there are Engineering 
Standards Associations, working upon similar lines 
and in conjunction with the scientific and other 
interests concerned, and in New Zealand and the 
Irish Free State, where there are no standardizing 
authorities, the standards issued by the British 
Engineering Standards Association are generally made 
use of. Between the Associations overseas and the 
Engineering Standards Association in Great Britain 
there is already a substantial amount of co-operation. 
Much has also been done by public departments 
throughout the Empire to profit from standardiza- 
tion.” 


The Imperial Conference, as a result of the above 
Report, adopted the following resolution :— 


'' The Imperial Conference, recognizing the advan 
tages of standardization in its widest sense both to 
producers and to consumers, and appreciating that 
when it is practicable to adopt standards common to 
the Empire these advantages are augmented and 
great benefit results to trade within the Empire and 
Empire trade generally, recommends to the favourable 
consideration of the several Governments of the 
Empire that they should take steps to promote the 
further development of standardization, should arrange 
for the exchange of information with the other parts 
of the Empire, and, when common standards are 
possible and mutually advantageous, should co-operate 
with the other parts of the Empire in regard thereto.” 
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Co-operation in standardization between Great Britain 
and the Dominions, which will react favourably on 
British Empire industry, should result from this recom- 
mendation. 

A list of electrical specifications issued by the Australian 
Commonwealth and Canadian Standards Associations 
will be found in the Appendix to this review. 


INTERNATIONAL ELECTROTECHNICAL COMMISSION. 


International industrial electrical standardization is 
dealt with by the International Electrotechnical Com- 
mission, and in April 1926 a Plenary Meeting was held 
in New York, 18 countries being represented. 

Agreements already reached in regard to the Rating 
of Electrical Machinery were confirmed and, in addition, 
temperature-rises for large machines were established. 
This represents the completion of many years of effort, 
and the universal adoption of a standard for the basic 
features of electrical machinery of all sizes, including 
traction motors, is a definite milestone in the progress 
of International standardization. 

Very wide agreement has been reached in regard to 
graphical symbols for use in electrical diagrams, and an 
international standard for the bayonet lamp-cap and 
holder has been established. 

International agreement has not yet been achieved 
in regard to the screw lampholder. Two differing 
standard screw-threads exist, the American and the 
Continental, but effort is still being made to evolve a 
uniform standard. 

At the New York Meetings of the I.E.C. progress 
was made in the setting up of standards for the rating 
of steam and hydraulic turbines, terminal markings, 
tests for transformer oils, and in the preparation of an 
international glossary of terms and definitions. 

Further meetings have been arranged to take place 
in Italy in September next. 

The success which has attended the work of the I.E.C. 
has led to an effort to establish on the same lines as the 
I.E.C. an international standardizing body to cover all 
branches of the engineering and allied industries. 
The desirability of having only one International 
organization for standardization needs no emphasis. 


FOREIGN STANDARDS. 


History and Development. 


The following is a brief historical survey of the electrical 
standardization movement in Belgium, Czechoslovakia, 
France, Germany and Holland. Reports regarding other 
countries will be included next vear. 

Complete lists of the standards issued by these 
countries are kept at the offices of the B.E.S.A., and in 
most cases a copy of the documents can be seen there. 

Grateful acknowledgment is made to the Secretaries 
of the various Standardizing Bodies for the information 
contained in this report. 

Belzium.—Electrical standardization on a national 
basis was started in Belgium bv the formation in 1900 
of the Chambre Syndicale des Electriciens Belges, which 
includes representatives of the electrical industrial 
organizations, consulting engineers, experts and dealers 
in electrical apparatus. 


Agreement was obtained by this body with regard 
to the setting up of specifications for electrical machinery, 
but otherwise little was done in the field of standardiza- 
tion, its activities being hampered by the fact that the 
membership included representatives of important 
foreign manufacturing interests. 

In 1906 the Comité Electrotechnique Belge was 
constituted as a National Committee affiliated to the 
I.E.C., and its work has steadily progressed and is 
being actively pursued. This Committee now takes 
charge of all electrical standardization in Belgium and 
maintains the closest co-operation with the Association 
Belge de Standardization. 

Specifications for wooden poles, ironwork for insu- 
lators, cable sockets and connections for distribution 
boards are being prepared. 

In 1911 l'Union des Exploitations Electrique en 
Belgique was constituted, bringing together the private 
enterprises concerned with the production and distri- 
bution of electrical energy. This organization published 
during the war two sets of Wiring Rules for (a) high- 
voltage installations, and (b) interior installations. New 
editions of these are published annually and are 
being adopted more and more generally. 

Czechoslovakia.—lmmediately following the political 
independence of the country in 1918, the Society of 
Czech Electricians founded the Czechoslovakian Electro- 
technical Association (Electrotechnicky Svaz Ceskos- 
lovensky, abbreviation ''E.S.C."). Up to that date 
there were in force various rules and specifications of 
Viennese electricians which, in many instances, referred 
to German Rules and Specifications. 

Fully representative Sectional Committees of the 
E.S.C. were gradually formed to deal with various 
subjects, and relations were established with similar 
organizations in other countries. In 1924 the E.S.C. 
became a member of the International Electrotechnical 
Commission and formed a Czechoslovakian National 
Committee. 

In 1920 was published the first volume of the “ Rules 
and Standards of the E.S.C.," followed in 1923 by the 
second, and in 1925 by the third, containing some 60 
electrotechnical standards together with a number of 
Regulations. The books are also published in German. 
Many of these regulations and specifications have been 
approved by Government departments, such as the 
Ministries of Public Works, Posts and Telegraphs, 
Railways, National Defence, in some cases having been 
made part of the laws of the country. 

In 1923 the E.S.C. made arrangements for complete 
collaboration with the Czechoslovakian Engineering 
Standards Association (Ceskoslovenske Normelisacni 
Spolecnost, abbreviated to C.S.N., founded in December 
1922), reserving the right to prepare electrotechnical 
standards, but recognizing the right of the C.S.N. to 
approve such standards as Czechoslovakian National 
Standards. Up to the present, 20 standards of the 
E.S.C. have been thus approved. 

The E.S.C. has to-day over 2 000 representatives of 
industry, manufacturers, various electrical trade Asso- 
ciations, Government Departments, Municipalities and 
Educational Authorities assisting voluntarily in the 
work. Besides the numerous technical Committees, 
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yearly congresses are held, in different parts of the 
country, to cultivate the idea of collaboration in 
standardization work. 

France.—Standardization in the French electrical 
industry can be said to date from the year 1907, when 
the Union des Syndicats de l'Electricité (U.S.E.) was 
formed, the first standard being issued in 1909 for the 
dimensions of lamp-caps and sockets of electric lamps, 
followed in 1911 by a technical specification for the 
wiring of buildings, and in 1914 by a standard for wall 
plugs. 

The U.S.E. when originally formed was an affiliation 
of only three Associations, but at the present time 
includes 25, representing the whole of the French 
electrical industry. In addition to four Associations of 
producers and distributors of electrical energy and six 
Associations of Constructors of "Transmission lines, 
Central Stations and Wiring Contractors, there are 
Associations for each of the following branches :— 


Large Machines, Motors, Wires and Cables, Porcelain 
Insulators, Electric Heating Apparatus, Insulating 
Material, Electric Vehicles, Lamps, Meters, Accumu- 
lators. 


After the war the U.S.E. was completely re-organized, 
there being now 20 Sub-Committees consisting of repre- 
sentatives of each of the Associations included in the 
U.S.E., of the Government Departments and individual 
engineers. In the work of standardization the U.S.E. 
receives considerable help from the Laboratoire Central 
de l'Electricité. This laboratory was created in 1888 
by the Société Frangaise des Electriciens, and is still 
controlled by that society. It is a private laboratory, 
but receives financial assistance from the State and the 
Municipality of Paris, and carries out research and other 
experimental work required by the Committees preparing 
standards. 

The Comité Electrotechnique Français, formed in 
1907 to act as the National Committee of the I.E.C. 
in France, and composed of practically the same people 
as the committees of the U.S.E., is in the closest touch 
with the Union des Syndicats de l'Electricité, the 
latter always transmitting its standards to this Com- 
mittee for approval. 

In 1918 a Government organization called La Com- 
mission Permanente de Standardisation was formed, 
with offices in the Ministry of Commerce. This Com- 
mission does not deal with electrical standardization, 
but ratifies the standards of the U.S.E. 

Germany.— he electrical industry was one of the 
first in Germany to devote attention to industrial 
standardization. The Verband Deutscher Elektrotech- 
niker (V.D.E.) started on the subject in 1893, replacing 
the State supervision of electrical installations by 
formulating and administering regulations which were 
quickly recognized as authoritative by the important 
State and rural authorities. 

It was recognized that the practical application of 
these rules could only become possible as the more 
important parts of the equipments of electrical installa- 
tions were made to satisfy definite requirements, thus 
introducing a considerable amount of electrical standardi- 
zation. 


At the first annual meeting of the V.D.E. in Cologne 
in 1893, proposals for uniform sizes and screw-threads 
for switches and fuses were discussed and attention 
was Called to standard cable sockets, nipples and glow 
lamps. Soon afterwards standards for lampholders and 
plug connections were introduced, and specifications 
for insulated wires for power, lighting and telephone 
circuits prepared. 

Since 1918 the work of electrical standardization has 
been energetically pursued. After the formation of the 
Normenausschuss der Deutschen Industrie (N.D.I.) 
arrangements for the closest possible co-operation with 
the V.D.E. were made, and the latter is to a certain 
extent incorporated in the N.D.I., forming its electrical 
section. 

The Zentralverband der Deutschen Elektrotechnischen 
Industrie (ZV) representing the economic interest, and 
the Verband Deutscher Schwachstrom-Industrieller 
(V.D.S.I.) formed to negotiate between the telephone 
industry and the Post Office and others, closely co- 
operate with the V.D.E. Proposals that are drafted by 
the Z.V. and V.D.S.I., both of which are chiefly 
manufacturing interests, are submitted to appropriate 
committees representing all the interests. 

As a result of the formation of the N.D.I. and the 
co-operation with it of the V.D.E., the V.D.E. Rules 
are being revised. Rules and regulations will continue 
to be issued in the volume familiarly known as the 
V.D.E. Rules, and, in addition, the various standards for 
apparatus laid down therein are being issued separately 
as leaflets through the N.D.I. under the designation 
“ DIN/VDE.” 

In this new edition the following distinctions are being 
introduced :— 


I. Compulsory Regulations (Vorschriften) (Life 
and fire hazard).—Regulations drawn up to 
safeguard life and property, and which must 
be complied with. 

II. Regulations (Regeln). Clauses which, like the 
compulsory regulations, must be complied 
with in general unless special reasons justify 
a departure. 

III. Standards (Normen).—Definite specifications 
with reference to construction, size and shape, 
materials, weights, physical properties, etc. 

In future it is intended to confine the word 
“ Standard " to this category, and to issue 
such standards in the form of leaflets. 

IV. Recommendations (Leitsatze).—Any of the items 
I, II or III published for comment before 
being issued in final form. 


The V.D.E. has brought into circulation a total of 
155 Standards leaflets since the commencement of the 
issue of DIN/VDE sheets (i.e. since 1919). In addition, 
26 recommendations are shortly to be issued as finally 
approved standards, and 25 are in preparation. 

Holland.—Interest in electrical standardization in 
Holland might be said to have been started by the 
Koninklijk Instituut van Ingenieurs (Royal Institute 
of Engineers), the oldest Engineering Institute in 
Europe, on the occasion when thev sent a delegate to 
the preliminary meeting of the I.E.C. in 1906. This 
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was followed by the formation of the Dutch Electro- 
technical Committee, which Committee, however, con- 
fined its attention to the international aspect of electrical 
standardization. 

The Hague Institution of Engineers issued Wiring 
Rules in 1914, these being the first Dutch National 
Standards. At about this time the Union of Directors 
of Electricity Supply Works commenced standardization 
work by preparing standards for cables. 

The Centraal Normalisatie Bureau was set up in 1916 
by the Royal Institute of Engineers and the Association 
for the Encouragement of Industry and Commerce, and 
by 1921 all the bodies in Holland interested in standardi- 
zation had agreed to co-operate with this Bureau. The 
Dutch Electrotechnical Committee was re-organized and 
assumed responsibility under the Main Committee of 
the Bureau for all national and international electrical 
standardization in Holland. 


APPENDIX. 


SPECIFICATIONS ISSUED BY THE AUSTRALIAN COMMON- 
WEALTH ENGINEERING STANDARDS ASSOCIATION. 


Electrical Performance of Traction Motors. 

(Direct Current, Series Wound.) (Tenta- 

tive.) T .  C.2-1925 T. 
Overhead Line Wire Material for Tele- 

graph and Telephone Purposes. (Ex- 

cluding Galvanized Iron Wire.) (Tenta- 


tive.) s . C.3-1925 T. 
Telephone Cable, Paper- Insulated, Lead 
Covered C.12-1925 T. 


Switchboard Busbars ind Connections 
(including arrangement thereof for 


three-phase systems) C.13-1925 T. 


Terms and Definitions used in connection 


with Telegraphs and Telephones C.17-1926 T. 
Insulation, Dimensions and Resistances of 

Enamelled Plain Copper Wire for Elec- 

trical Instruments and Apparatus C.21-1926 T. 
Slate Slabs for Electrical Purposes C.19-1926 T. 
Air-break Knife Switches and Laminated 

Brush Switches .. : C.23-1926 T. 
Air-break Circuit Breakers. : C.24-1926 T. 
Bare Annealed Copper Wire for Electrical 

Machinery and Apparatus, Specification 

for Dimensions and Resistances of C.18-1926 T. 
Moulded Flat Top Insulating Bushes, 

Dimensions for C.20-1926 T. 
Water-tight Glands for Electri Cables: 

Specification for . C.22-1926 T. 
Flameproof Air- Break Switdhes for Volt- | 

ages not exceeding 660 volts C.25-1926 T. 
Flameproof Air-Break Circuit Breakers 

for Voltages not exceeding 660 volts .. C.26-1926 T. 
Totally Enclosed Air-Break Circuit Break- 

ers for Voltages not exceeding 660 volts, 

Specification for .. C.27-1926 T. 


LisT OF SPECIFICATIONS ISSUED BY THE CANADIAN 
ENGINEERING STANDARDS ASSOCIATION. 


Standard Requirements for Distribution 


Type Transformers bos C.2-1920 
Standard Specification for Galvanized 

Telegraph and Telephone Wire C.3-1924 
Standard Specification for Tungsten In- 

candescent Lamps i C.10-1923 
Standard Requirements for A.C. Watt- 

hour Meters . C.17-1925 
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ELECTRIC TRACTION.* 


By F. LYDALL, Member. 


To those who watch events in this country only, or 
are unable for one reason or another to keep in touch 
with developments in other countries, the development 
of electric traction on railways will seem slow. This 
impression is, however, not justified, either in regard 
to the adoption and carrying out of new schemes and 
extensions, or in regard to technical improvements in 
all kind of plant and apparatus which go together to 
make up any complete scheme. The following notes, 
which do not pretend to be comprehensive or to deal 
with the subject exhaustively, will, it is hoped, enable 
the general student to get some idea of the present 
position of railway electrification in the different countries 
and continents. 


(1) MAINLY STATISTICAL. 


Broadly speaking, railway electrification schemes are 
either suburban or main line, distinguished technically 
by the use of multiple-unit stock and locomotives 
respectively. This division is not rigid ; in some cases 
multiple-unit stock may be used for working what are 
usually understood to be main-line passenger services, 
and electric locomotives for working suburban trains. 
The distinction may, and probably will, become less 
rigid as electrification develops and suburban schemes 
are extended to include longer or shorter stretches of 
main line. For the present, however, the use of the two 
denominations is convenient. 

Great Britain.—In this country, electrification is 
almost entirely confined to suburban schemes. On the 
Metropolitan Railway a certain amount of through 
passenger traffic is worked by electric locomotives ; and 
the mineral line, 18 miles long, between Shildon and 
Newport on the London and North-Eastern Railway 
has been worked electrically for the past 10 years. 
Apart from these lines, however, there is a considerable 
mileage of track equipped and operated electrically for 
suburban traffic, especially those of the Metropolitan, 
Metropolitan District, London Electric, London and 
North-Eastern, London Midland and Scottish and the 
Southern Railways. Particulars of these various elec- 
trified services are, no doubt, generally well known to 
the members of the Institution, and it is only necessary 
to draw attention to recent progress in this direction. 

The London Electric Railway system has been 
extended from Charing Cross to Kennington and from 
Clapham Common to Morden in the South, and from 
Golders Green to Edgware in the North-West. 

The principal development has been on the Southern 
Railway, which has recently extended the electrification 
of the South-Western section by the addition of about 
70 miles to the length of track equipped, and by the 
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conversion of about 250 miles of suburban lines on the 
South-Eastern section. A few months ago, a further 
extension of the electrification of this railway was 
announced, viz. the gradual conversion to the third-rail 
system of the 127 miles of track on the Brighton section 
already equipped with overhead wires, and the additiona: 
equipment of 105 miles of track at present worked by 
steam. With this addition, the total mileage of track 
on the Southern Railway worked electrically will be 
brought up to 854, all equipped on the same third-rail 
system. . 

France.—In France suburban electrification is by no 
means so prominent as in England. Paris possesses 
its Underground Electric, which corresponds to the 
London Tube Railways, and certain sections of the 
State Railway which serve the western suburbs with 
St. Lazare as the terminus are worked electrically or are 
just approaching completion, in particular, the sections 
between the terminus and Bois-Colombes, St. Germain 
and Auteuil Boulevard. Other sections will be taken 
in hand shortly. The electric working of the suburban 
sections of the Paris-Orléans Railway in the neighbour- 
hood of Paris is part of the very extensive electrification 
scheme which is in process of being carried out on this 
Railway. 

So far as France is concerned with electrification, 
interest is centred in the two comprehensive main-line 
schemes on the Paris-Orléans and the Midi Railways. 
On both lines electric working is applied to all classes 
of traffic, long-distance high-speed passenger trains, 
local passenger trains, through and local goods, and, 
while the greater part of the traffic will consist of trains 
hauled by electric locomotives, there are, or will be, on 
both lines a certain number of multiple-unit traigs. To 
realize the magnitude of these electrification schemes, a 
few particulars of each are necessary. 

The Midi Railway is engaged in electrifying something 
like three-quarters of its complete system, which covers 
a large area in the South-West. The total length of: 
line included in this scheme is about 2 000 miles, the 
intention being to complete the programme in 20 years, 
the lines in the Western division, i.e. between Montrejeau 
and the Atlantic Coast, forming the first phase, and in 
the Eastern division between Montrejeau and the 
Mediterranean Coast the second phase. | Up to date the 
first phase is approaching completion so far as the more 
important sections are concerned. 

For the working of the traffic, electric locomotives are 
mainly used. A large number are already in service, 
and the number is being steadily increased as the sections 
are equipped. The majority of these locomotives are 
of a simple type suitable for passenger or goods trains, 
but there are also one or two express passenger engines 
of a special type for working the international trains 
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between Bordeaux and the Spanish frontier. These 
locomotives are referred to below under the section which 
deals with electric locomotive design. 

The Paris—Orléans Railway has in hand an important 
scheme of electrification, full particulars of which have 
been given by M. Parodi in his paper read before the 
Institution on the 4th January, 1926.* A few figures 
may be quoted from this paper to show the extent of 
the scheme. The complete electrification will cover 
the main line from Paris to Brive and the lines Brétigny 
to Dourdau, Saint-Sulpice to Gannat, and Brive to 
Clermont. This requires the equipment of about 980 
miles of running tracks, in addition to cross-overs, 
sidings and tracks in sorting and shunting stations. All 
classes of traffic, including passenger, goods and shunting 
services, will be worked electrically. The rolling stock 
already on order consists of 25 8-coach multiple-unit 
trains, 200 goods locomotive units, and 5 experimental 
high-speed passenger locomotives. Electric working on 
the section Paris to Orléans, 118 km, started last October 
and it was hoped to extend it to Vierzon, a further 
80 km, by the end of this year. 

Switzerland.—In Switzerland the electrification of the 
main lines has already been carried out on a large scale. 
Programmes of conversion were drawn up in 1918 and 
1923, which provided for the equipment of approxi- 
mately 1000 miles of the Federal Railway system, the 
whole undertaking to be completed by 1929. Already 
over 570 miles have been equipped, i.e. about one-third 
of the total mileage operated by the State. The principal 
lines which are now worked electrically are those from 
Zurich and Basel to Chiasso through the St. Gothard, 
and from Geneva and Lausanne to the Italian frontier 
via the Rhone Valley and the Simplon Tunnel. The 
number of electric locomotives at present in service is 
about 250; others are under construction and are put 
into service as completed, and it is expected that by the 
end of 1927 there will be altogether about 370. 

Mention should also be made of two privately owned 
railways in this country, the Loetschberg and the 
Rhoetian Railways, the former running from Thun to 
Brieg through the Loetschberg Tunnel, and the latter 
from Chur to the Engandine. Each of these two rail- 
ways has about 30 electric locomotives, some purchased 
before the war, others of more recent design. 

Italy.— Electrification of railways has been in progress 
in Italy for the last 25 years with continuous work on 
extensions except during the war. The mileage of track 
equipped is already over 600, and the Italian State 
Railways alone have put into service since 1909 nearly 
500 electric locomotives. During the last few months 
a new electric service has been inaugurated between 
Leghorn and Spezia, and between Castellanza and 
Mendrisio. The latter constitutes a subsidiary link to 
the Gothard international line. 

Spain.—In Spain a section of the Spanish Northern 
Railways between Ujo and Busdongo has been electrified. 
This section, which is about 40 miles in length, is a single- 
track line mostly on a 2 per cent grade with 71 tunnels. 
The rolling stock includes 12 electric locomotives, each 
of 1550 to 1620 h.p. During the last few months the 
Spanish Northern Railways have decided to electrify 
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two further sections, viz. the Barcelona-Manresa line 
about 40 miles long with double track, and the Barcelona- 
San Juan de las Abadesas line about 66 miles long with 
a single track, and have ordered 22 new electric loco- 
motives for passenger and goods traffic. 

Germany.—Electrification in Germany is proceeding 
rapidly. At the beginning of this year the length of 
track equipped was about 590 miles, and the mileage 
to be added during this year will bring the total up to 
about 700. The greater part of this development has 
taken place in Silesia and Bavaria, which accounts for 
about 70 per cent of the total mileage of track equipped. 
The total number of electric locomotives delivered by 
the manufacturers up to the end of this year is 118 
passenger and 210 goods. 

Austria.—In Austria progress has not been so rapid, 
but is being steadily continued as the financial position 
permits. Already the Arlberg and the Salzkammergut 
lines are operated electrically, the total length of these 
lines being about 150 miles, and work is now proceeding 
on the sections east of Innsbruck as far as Salzburg, a 
distance of about 190 miles. 

Sweden.—Railway electrification in Sweden has 
recently been greatly extended. Before the war a 
portion of the mineral line in the north had been worked 
electrically, and the whole of the line, including in all 
about 300 miles of track, was equipped and put into 
operation during 1922. This year the electrification of 
the Western Trunk line from Stockholm to Gothenburg, 
including some 300 miles of track, has been completed 
and electric trains are now running regularly between 
these places. 

U.S.A.—In the United States there are many import- 
ant examples of railway electrification, suburban, 
interurban, sections of main lines in the neighbourhood 
of big cities and long trunk lines. It is not necessary 
to enumerate the railways that have adopted electric 
working partly or completely, especially as the most im- 
portant are fairly well known to engineers in this country. 

The majority of the great cities in the East—New 
York, Boston, Philadelphia, and Chicago—have exten- 
sive electric services for urban and suburban trans- 
portation. Some of these are operated by companies 
which do not run any long-distance trains, such as the 
New York Subway; others are worked by companies 
whose lines are not confined to the neighbourhood of 
a great city, such as the New York Central, the New 
York, New Haven and Hartford Railroad and the 
Pennsylvania Railroad at New York and Philadelphia. 
Many factors have influenced this development, one of 
the most important (apart from the fact that electric 
operation can provide facilities immensely superior to 
those obtainable from steam operation in respect of 
schedule speed and volume of traffic) being the desire, 
and in some cases the necessity, to eliminate smoke either 
from city areas where there are surface railways or in 
long tunnels. Examples of this are the tunnel connecting 
the main tracks of the Pennsylvania Railroad with the 
Terminal on Manhattan, the tracks of the New York 
Central, and the New York, New Haven and Hartford 
Railroads in the New York City area, the tunnel approach 
into Baltimore and the terminal tracks of the Illinois 
Central Railroad at Chicago. 


LYDALL: ELECTRIC TRACTION. 


145 


The last named is the latest important suburban 
electrification scheme to be put into operation. By the 
end of July this year 80 suburban trains a day—40 each 
way—were running between the Terminus and Ran- 
dolph Street. The present electrification applies only 
to the company’s suburban service ; but the ordinance, 
under which the company is obliged to electrify, calls 
for the elimination of steam locomotives handling 
freight traffic north of Roosevelt Road by 1930, and 
complete elimination of all steam locomotives within the 
city limits, under certain conditions, by 1940. In no 
less than 15 cities of the United States, steps have been 
taken towards the elimination of smoke from locomotives 
by electrification or other means. 

The outstanding example of trunk-line electrification 
in America is the conversion of about 660 miles of the 
Chicago, Milwaukee and St. Paul Railway. This 
comprises a section 440 miles long from Harlowtown to 
Avery, and the coast section, 220 miles long, from 
Othello to Seattle. It is intended to convert the inter- 
vening section of about 200 miles as soon as financial 
conditions permit, and transcontinental electric trains 
will then run right through from Harlowtown to the 
Pacific Coast, a distance of over 850 miles. 

The Great Northern Railway have in hand a pro- 
gramme of electrification, which includes 96 miles of 
main line; the first instalment is the equipment of 
25 miles from Skykomish to Cascade Tunnel, Washington, 
on which operation is due to begin by the end of this 
year. 

The conversion of the Virginian Railway between 
Roanoke and Princeton is in hand and should be 
completed by the end of this year. Electric operation 
on the 36-mile section between Elmore and Princeton 
began in September 1925, and the extension to Roanoke 
will enable continuous electric operation to be carried 
on over a distance of 134 miles. 

The Pennsylvania Railroad is building 7 new electric 
locomotives which are intended in the first instance to 
replace obsolete electric engines at present in service on 
the New York terminal lines, and ultimately for the 
main-line electrification scheme which is in course of 
construction between Philadelphia and Wilmington, a 
distance of 28 miles. 

South America.—In South America there are already 
four electrification schemes that should be mentioned ; 
two suburban systems in Buenos Ayres, namely, those 
of the Central Argentine and the Buenos Ayres Western 
Railways, and two main-line conversions, namely, the 
Chilian State Railways from Santiago to Valparaiso, 
and from Lhia Lhia to Los Andes, and the Paulista 
Railway in Brazil. 

The extension of the electric suburban system on the 
Central Argentine Railway is now proceeding by the 
installation of additional generating and converting 
plant and the addition of new multiple-unit rolling 
stock. Other sections are to be converted as soon as 
Government sanction has been received. The Buenos 
Ayres Western Railway also are increasing the number 
of electric trains. 

The Paulista Railway, which now works the traffic 
between Jundiahy and Tatu, a distance of 31 miles, by 
electric locomotives, is extending the electrification to 
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Rio Claro, 83 miles, and later to S. Carlos, which will 
then cover a total length of 128 miles. 

The Central Railway of Brazil is reported to be 
embarking on electrification, with financial assistance 
from the National Government. A start is to be made 
with the suburban services round Rio de Janeiro for a 
distance of about 40 miles. 

Australia.—Until this year the only electrified system 
in Australia was the suburban system of the Victorian 
Railways in and around Melbourne. The original 
scheme, which included the equipment of 335 miles of 
track and the provision of 400 motor coaches and 400 
trailers, was completed in 1924. Since that time small 
additions have been made and the total mileage worked 
electrically amounts now to 388 miles. 

This year has seen the start of operation on the first 
instalment of the electrification -cheme of the Sydney 
City and Suburban Railways. The scheme is an 
extensive one and includes the building of an under- 
ground loop railway in Sydney itself, the construction 
of several new lines in the outlying districts, and the 
electrical equipment of practically the whole of the 
railways within a radius of about 20 miles. The first 
instalment of new rolling stock included 150 motor 
coaches and 150 trailers, and further contracts have 
already been placed. 

India.—The extent of railway electrification in India 
is at the moment small. The Harbour Branch of the 
Great Indian Peninsula Railway in Bombay, a length 
of about 10 miles, has been equipped for electric working, 
and operation started in February 1925. A few months 
ago the service was extended to Thana, about 20 miles 
distant from Bombay, and a further extension to Kalyan, 
33 miles from Bombay, will be completed by the end 
of next year. This scheme provides for the electric 
working of the whole of the suburban traffic on this 
railway. The Bombay, Baroda and Central India 
Railway also are equipping their suburban section from 
Bombay to Borivli. 

A more important scheme is in process of being 
carried out on the Great Indian Peninsula Railway, 
namely, the conversion of the main lines from Bombay 
to Igatpuri on the North-Eastern line, a distance of 
85 route miles, and from Bombay to Poona on the 
South-Eastern line, a distance of 119 route miles. The 
total length of single track included in the main-line and 
suburban schemes of this railway is over 450 miles. 

Japan.—The Imperial Government Railways of Japan 
have in hand an electrification scheme which covers 
the whole of the State system, amounting to something 
like 9000 miles of track. The programme of con- 
struction will naturally take some years to carry out, 
but work has already begun on the 375-mile section from 
Tokio to Kobe, and on the 80-mile section between 
Indimachi and Kofu, and over 50 locomotives have 
already been put into service or are under construction. 

South África.—The Union of South Africa have during 
the present year completed the electrification of a 
considerable part of the main line in Natal. This 
section, which lies between Glencoe and  Pieter- 
maritzburg, is about 170 miles long, mostly single track, 
the total mileage of line equipped, including sidings, 
being a little over 300. The tratfic on this section is 
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very dense and the gradients are severe. Goods, 
mineral and passenger trains are hauled by one, two or 
three locomotive units according to the weight of train. 
The first order for locomotives provided for 78 units 
and about a year ago a second order was placed for 
17 additional units. 


(2) TECHNICAL. 


(1) Power supply and electrical system.—The two 
questions, purchase of power from an independent 
Source or production in a specially erected power station, 
and choice of electrical system, i.e. direct or alternating 
current, are to a certain extent related and are therefore 
treated together under one head. It is now possible 
and quite practicable to utilize a public supply which, 
in the majority of cases, produces three-phase alternating 
current at 50 frequency (or, in U.S.A., 60 frequency) 
for any direct-current system or for the single-phase 
alternating-current system. This, however, is a recent 
development. In the past, there has been a marked 
preference for the use of a lower frequency both for 
direct-current and for alternating-current railway elec- 
trification. For direct current the design of traction 
rotary convertors was made easier by the use of a 25- 
or 33j-frequency supply, and although this restriction 
has been removed now for some years, it was only 
within the last year or so that engineers took any 
practical interest in adapting a 50- or 60-frequency 
supply to railways on which power is distributed to the 
trains as single-phase alternating current. 

These considerations have naturally influenced in 
many cases the decision as between purchase and 
private generation. Other considerations, of course, 
have been taken into account, namely, the possibility 
of obtaining a supply on reasonable terms and with 
adequate security, the question whether such supply is 
technically suitable, and the personal preferences of 
those responsible for the operation of the electric service. 
As to the latter, it cannot be denied that there is a good 
deal to be said for the directors and managers of an 
important railway desiring to keep under their own 
control the production of all the power they require, 
especially if the only alternative is to conclude a long- 
term agreement with a power company in which they 
have no interest and which may in time get into financial 
difficulties. But whatever may have been the state of 
affairs 15 or 20 years ago, the financial and technical 
status of local authorities and power companies is 
nowadays, in most instances, such as to ensure at least 
as good security of supply as can be expected from 
any individually-owned power station. As the business 
of power supply develops in this and other countries, 
and arrangements for interlinking and co-operation 
are perfected, the arguments against purchase must 
inevitably lose their force. Even now it can be stated 
that the tendency to rely upon independent supplies of 
power seems to be increasing in all countties, as will be 
seen in the following notes on the various electrification 
schemes. 

In this country the system adopted, with two excep- 
tions, is the direct-current system. This is to be 
expected in view of the large proportion of the electrifica- 
tion being of urban or suburban character, for which, it 


is generally agreed, direct current is more suitable than 
alternating current. The working voltage on the 
Manchester—Bury section of the former Lancashire and 
Yorkshire Railway is 1200; on the electrified mineral 
line between Shildon and Newport it is 1 500; elsewhere 
it is 600. Future electrification schemes will be carried 
out with direct current at 600 or 1500 volts or, in 
special circumstances, 3 000 volts as approved by the 
Ministry of Transport. 

The two exceptions mentioned above are the short 
section of the Midland Railway between Heysham, More- 
cambe and Lancaster, and certain suburban sections of 
the London, Brighton and South Coast Railway, both of 
which employ the single-phase system. By a recent 
decision of the directors of the Southern Railway, the 
electrified suburban lines of the Brighton section are 
now to be changed over from single phase to direct 
current at 600 volts, in order to secure uniformity with 
the other electrified sections, viz. the suburban lines of 
the South-Western and the South-Eastern, and thus 
enable the same rolling stock to be used indiscriminately 
on all electrified lines. 

Until quite recently, railway electrification schemes 
in this country have included the erection of suitable 
power stations solely for traction purposes. These 
power stations have not been free to give supplies to 
outside consumers, even if there were suitable opportu- 
nities of doing so. Two exceptions may be noted; 
namely, the electrification scheme of the North-Eastern 
Railway (Tyneside lines) depends for power on the 
Newcastle Electric Supply Co., and the supply of single- 
phase alternating current at 25 frequency for the 
suburban electrification of the London, Brighton and 
South Coast Railway is obtained from the London 
Electric Supply Corporation. Within the last year or 
so, however, the London Electric Railways have made 
an agreement with the County of London Co. for the 
purchase of power delivered to the new substations on 
the Morden extension. The London, Midland and 
Scottish Railway also purchase power from the County 
Co. for the operation of trains on the Bow Road- Barking 
portion of the Underground system. Reference should 
also be made to the desire of the Southern Railway to 
provide for their own power requirements in the 
electrification of the South-Eastern section. It will be 
remembered that the application to the Electricity 
Commissioners for permission to build a power station 
for the purpose was refused, and finally a new agreement 
was made with the London Electric Supply Corporation. 

The position of France is particularly interesting. 
The advantages of combination between the demand 
for strictly railway purposes and the general demand 
for domestic, municipal and industrial purposes are fully 
recognized. The realization of these advantages is, 
however, obtained by the development of an extensive 
power system by the railways themselves, with ample 
capacity to deal with all traction demands and the 
general demand in the area covered. For example, the 
Paris-Orléans Railway is constructing a number of 
hydro-electric power stations in the centre of France, 
one of which, that on the River Creuse near Eguzon, 
was completed last June, from which power will be 
transmitted at 90 kilovolts and 50 frequency to the 
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substations along the railway, and at 150 to 220 kilovolts 
to a large step-down transformer substation in the 
outskirts of Paris for a bulk supply to the Société 
l'Union d’Electricité. Similarly, the electrification 
scheme on the Midi Railway, to which reference has 
been made above, includes the construction of 13 hydro- 
electric stations with an aggregate capacity of about 
350 000 horse-power. Of these, six are already in hand 
or completed, while the remainder are to be developed 
in the later stages of the programme. The power 
obtained from these stations is distributed at 150 and 
60 kilovolts by means of a network from which the 
traction substations are fed and bulk supplies given at 
various points throughout the area covered. 

The question of electrical system for railway purposes 
in France was considered by a Committee appointed 
by the Ministry of Public Works after the war, who 
reported in favour of the direct-current system at a 
working pressure of 1 500 volts, with the possibility of 
using 3 000 volts in exceptional cases. This recommenda- 
tion was accepted and the direct-current system at 
1500 volts has been adopted for the three principal 
electrification schemes, viz. on the Midi, the Paris- 
Orléans, and the Paris-Lyon-Méditerranée Railways. 
This decision is interesting as the electrification of the 
Midi Railway had been begun in 1911 with the single- 
phase system, power being distributed to the trains at 
12 000 volts, 16$ frequency. Certain difficulties were 
experienced with this system, due to the interference of 
the power circuit with the telegraphs and telephones. 
These troubles were, however, successfully overcome by 
1916, and the Midi Railway proposed to continue the 
carrying out of their scheme on the same system, but 
were unable to do so on account of the decision of the 
Ministry of Public Works, which was anxious that all 
railways should electrify on the same system and thus 
facilitate the eventual interchange of locomotives 
between the different railways. 


In the other European countries where railway | 


electrification has been developed on a considerable 
scale, viz. Switzerland, Italy, Germany and Austria, the 
system adopted has been almost entirely alternating 
current at 15 or 16% frequency. This system, while 
well adapted to the requirements of the designer of 
alternating-current railway motors, is far from suitable 
for the purposes of a general supply. In consequence, 
the greater number of electrification schemes in these 
countries depend for power on specially erected power 
stations equipped with plant designed for these fre- 
quencies. Technically, of course, there is nothing to 
prevent the purchase of power at the frequency standard- 
ized for general supplies, viz. 50 in Switzerland, Germany 
and Austria, or various frequencies from 42 to 50 in 
Italy, and transforming the supply received into 
low-frequency current in frequency-changing substations. 
In general, however, this has not been considered 
economically justified, and the use of frequency changers 
has been confined to a few isolated cases. In Switzerland 
where railway and general electrification is very wide- 
spread, there is some measure of linking up for inter- 
change of power between the two systems generating 
at frequencies of 50 and 15. The advantages of this are 
obvious when it is realized that not all the hydro-electric 


stations on which Switzerland depends for power are 
able to run continuously throughout the year, owing 
to the seasonal irregularity of the water supply. 

The provision of power for the Stockholm-Gothen- 
burg electrification is specially interesting. All the power 
for this scheme is supplied by the Royal Waterfalls 
Board from a high-tension network, mainly at 120 000 
volts, 50 frequency. There are 5 substations at intervals 
of about 55 miles apart, in which the supply is stepped 
down by static transformers to two secondary voltages, 
namely, (1) 6 000 volts, at which pressure current is 
fed to frequency-changing motor-generators delivering, 
through step-up transformers, single-phase current at 
15 frequency and 16 000 volts to the railway overhead 
lines for traction purposes; and (2) 20000 volts, at 
which pressure a general supply is given to industrial 
and other consumers in the neighbourhood. 

In the United States the present tendency to avoid 
separation between railway and general demands is 
noticeable in two ways. The willingness of railway 
companies to depend upon independent sources of 
supply is exemplified by the agreement between the 
Ilinois Central Railroad and the Commonwealth 
Edison Co. of Chicago for the purchase of all the power 
required for the suburban electrification scheme. It is 
noteworthy that, in this instance, the power company 
delivers power to the railway as direct current at 1 500 
volts, and therefore owns and operates all the necessary 
transmission lines and the convertor substations. 

The development in electric locomotive design, to 
which reference is made below, in which the supply of 
alternating current received from the overhead line is 
converted by a motor-generator in the locomotive into 
direct current for the driving motors, is not only a move 
towards standardization hitherto made difficult by the 
rivalry between the single-phase and the direct-current 
systems, but aims also at facilitating the combination 
of the railway and the general demands. So far no 
advantage has been taken of the latter possibility. The 
first locomotives of this design were put into service on 
the New York, New Haven and Hartford Railroad on 
which the system had already for some years been 
settled as single-phase alternating current of 25 fre- 
quency. Another scheme employing similar locomotives 
is the new extension of the Great Northern Railway. 
For this extension it is especially interesting to note 
that the two original locomotives operating through the 
Cascade Tunnel and taking power as three-phase 
alternating current will no longer be used as soon as the 
first section of the new scheme is completed. Their 
place will be taken by motor-generator locomotives 
taking single-phase current at 11000 volts and 25 
frequency. The supply of powcr is to be obtained from 
the Puget Sound Power and Light Co. as three-phase 
alternating current at 110 000 volts and 60 frequency, 
and will be transformed in a frequency-convertor sub- 
station at Skykomish to single-phase alternating current 
at 25 frequency for distribution to the trains. Arrange- 
ments have also been made for the power company to 
operate the railway company's 6 000 kW hydro-electric 
station at Tumwater, which now generates three-phase 
power at 25 frequency, and this plant will be linked up 
with the power company's system by means of a 
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frequency changer in the Tumwater station. The 
decision in this case to transform to 25 frequency, 
instead of using power at the standard 60 frequency, 
was based on several considerations, including that of 
less interference with telegraph and telephone circuits, 
lower impedance of track rails, enabling a separate 
negative return to be dispensed with, and the advantage 
possessed by the synchronous motors of the frequency 
changers in balancing the phase currents and main- 
taining a high power factor. 

On the question of choice of system for railway 
electrification in the United States, it is not vet possible 
to point to any marked advance towards standardization. 
There are important examples of the application of both 
the single-phase alternating-current and the direct- 
current systems to all kinds of electrification, long-dis- 
tance main line, shunting-yard service and suburban 
traffic. The New York Central Railroad employs 
direct current at 600 volts for all its electric services ; 
the New York, New Haven and Hartford Railroad 
uses single-phase current on the whole of its electrified 
system, including the goods yards, outside the New 
York zone. The suburban electrification of the 
Pennsylvania Railroad at Philadelphia is on the single- 
phase system, which will also be employed for its main- 
line electrification. The Chicago, Milwaukee and St. 
Paul Railway purchases power as three-phase alternating 
current at 110 000 volts and 60 frequency, and converts 
to direct current at 3000 volts. The Norfolk and 
Western and the Virginian Railways have adopted the 
single-phase system, and the Illinois Central has decided 
on direct current at 1500 volts. There is thus more 
diversity in the United States than in any other country, 
and it is difficult to suppose that any steps will be 
taken to bring the various systems into line, at all 
events for many years to come. 

In South America the direct-current system has been 
adopted, the two suburban electrification schemes on 
the Central Argentine and the Buenos Ayres Western 
Railways using a third rail at 800 volts, and the two 
main-line schemes—the Chilian State Railway and the 
Paulista Railway—an overhead line at 3000 volts. 
Fach of the two railways which have electrified their 
suburban services possesses and operates its own power 
Station generating three-phase current at 25 frequency 
and trans:nitting power to the substations at 20 000 
volts. The Central Argentine Railway is at present 
extending its power station considerably to enable it to 
cope with the growing demand. The Chilian State 
Railways purchase all the power they require from the 
Compania Chilena de Electricidad Limitada, and the 
Paulista Railway from the Sáo Paulo Light and Power 
Company. 

The system chosen for the two suburban electrification 
schemes in Australia, viz. those in Melbourne and 
Sydney, is the direct-current system at 1500 volts. 
For the Melbourne services the greater part of the power 
supply is obtained from the Newport power station 
erected and operated by the Railway Commission 
Specially for this scheme, and generating three-phase 
current at 25 frequency. In order to supplement this 
supply and also to provide for the growing general and 
industrial demand, the Electricity Commission have 


built a second station adjacent to the Newport station 
(the new one being known as Newport B) in which power 
is generated by two 15 000-kW three-phase turbo- 
alternators at 50 frequency. In order to enable this 
plant to serve the dual purpose, frequency changers 
are provided, converting from 50 to 25 frequency, to 
meet the increase in the railway demand. 

In Sydney the power requirements have been met by 
extending two existing power stations, viz. the Ultimo 
and the White Bay stations. The former has a total 
plant capacity of 34 000 kW and produces three-phase 
current at 25 frequency; the latter contains. two 
22000 kW 50-frequency sets, and a third is being 
installed. It will thus be seen that for the present, 
whatever the ultimate arrangement may be, the power 
supply for the electrification scheme is far from con- 
forming to any fixed standard. 

The Imperial Japanese Government for their extensive 
main-line electrification scheme have adopted the direct- 
current system with an overhead line at 1 500 volts. 
As regards the power supply, the tendency in Japan is 
definitely in the direction of relying upon independent 
sources. There are in the main island five large power 
companies which own and operate a number of hydro- 
electric and steam stations and extensive networks of 
high-tension transmission lines. The power supply in 
the large district, of which Tokio is the centre, is given 
mainly at 50 frequency, while in the rest of the island 
the frequency is 60, but arrangements have been made, 
by the installation of frequency changers, to link up the 
Systems and interchange power whenever this may be 
desired. These networks are sufficiently widespread to 
enable any railway to purchase all the power necessary 
for electrification purposes without involving any con- 
siderable expenditure on additional transmission lines. 

In South Africa the direct-current system has been 
selected for all railway electrification. For the main- 
line scheme in Natal, between Glencoe and Pietermaritz- 
burg, current is delivered to the locomotives by an 
overhead line at a pressure of 3 000 volts. Any exten- 
sion of this scheme, e.g. from Pietermaritzburg to 
Durban, or any main-line conversion in any other parts 
of the Union will be carried out on the same system. The 
suburban electrification which the South African Rail- 
ways have now in hand in and around Cape Town is 
being carried out on the 1 500-volt direct-current system. 
Consideration was given at one time to the partial use 
of a 1500-volt third rail, but this idea was finally 
abandoned, and all tracks will be equipped with overhead 
lines. 

The power situation in South Africa is of special 
interest. By an Act passed in 1922 an Electricity 
Supply Commission was constituted to co-ordinate and 
organize the supply and distribution of electric power 
throughout the Union. The Commission's duties are 
to take such steps as may be necessary, including the 
erection and operation of new power stations, to put at 
the disposal of existing and potential consumers an 
ample and cheap supply of power. This is intended to 
apply to the requirements of the South African Railways 
for traction purposes as well as to industrial and general 
demands. The passing of this Act and the setting up 
of the Commission followed and were consequent upon 
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the decision of the Government in 1921 to electrify the 
portion of the Natal main line between Glencoe and 
Pietermaritzburg. This electrification scheme includes 
a 60 000 kW power station at Colenso from which power 
is transmitted to the railway substations at 88 000 volts. 
The scheme has now been completed and is in operation, 
and arrangements have been made for the Commission 
to take over and operate the power station, transmission 
lines and the substations, and to deliver direct current 
at 3000 volts to the overhead track conductors, and 
simultaneously three-phase alternating current at 6 600 
volts to other consumers, such as the municipalities of 
Ladysmith, Estcourt and Pietermaritzburg. The new 
arrangement will come into force as soon as the necessary 
agreement is completed. The decision to electrify the 
suburban lines in and around Cape Town was arrived at 
shortly after the Commission came into being, and it 
was arranged at once that the Commission would under- 
take full responsibility for the power supply. For this 
purpose it is now constructing in Cape Town a new power 
station, which will be linked up with the existing Cor- 
poration station, and the necessary transmission lines 
and the convertor substations on the electrified sections, 
leaving the Railway Administration to provide only the 
track equipment and the multiple-unit rolling stock. 

Electrical development in India is not yet sufficiently 
advanced to enable any generalization to be laid down 
on the subject of power supply for railway electrification. 
The only schemes of any magnitude, either constructed 
or in hand, are those in Bombay, to which reference has 
already been made. For the suburban services on both 
railways power is purchased from the Tata Hydro- 
electric Companies which supply the whole of Bombay, 
including a large number of cotton mills and other 
industrial consumers. For the main-line scheme on the 
Great Indian Peninsula Railway, which is under con- 
struction, the power required for those sections which 
are beyond the suburban zone will be drawn from a 
special railway power station which is being built by 
the Government at Kalyan, about 33 miles from Bombay. 
This station will be equipped in the first instance with 
four 10 000-kW sets, delivering power at about 100 000 
volts to the transmission lines and to the substations. 
The electrical system which has been adopted for the 
suburban and main-line schemes is the direct-current 
system at 1 500 volts. 


(2) Substations.—So far as the author is aware, there 
has been no recent development in the design of trans- 
former substations for electric railways, apart from 
matters of detail in the transformers themselves and the 
switchgear, indoor and outdoor, associated with them. 
On the other hand, there is much that is new in sub- 
stations in which alternating current is converted to 
direct current at various pressures by motor-generators, 
rotary convertors and mercury rectifiers. These recent 
advances concern both divisions of plant, viz. the 
machines and the switchgear. 

Rotary convertors are now usually employed for 
supplying direct current at pressures up to 1 500 volts. 
Above this pressure, i.e. for 2 400, 3 000 or 4 000 volts, 
motor-generators are provided. Where the alternating- 
current supply is at 25 frequency there is no special 


difficulty in designing convertors for 1500 volts direct 
current, but for the higher frequencies in general use 
in this country and the United States considerations of 
commutator and brushgear design do not permit the 
use of more than about 1 000 volts with a single armature 
without departing from generally accepted limitations. 
In view of the growing tendency to take power for 
railway electrification from the general supply, it has 
become increasingly important to develop the design 
of rotary convertors suitable for the production of 
current at 1 500 volts from alternating current at 50 or 
60 frequency. | 

The obvious solution is to connect two 750-volt 
convertors in series. This was first done in 1914 in 
the Shildon-Newport electrification scheme, for which, 
however, it should be remarked, the alternating-current 
supply was at 40 frequency. These convertors have 
been in successful operation since then, but it was not 
until quite recently that this solution was generally 
accepted as satisfactory. At the hearing of the appli- 
cation by the Southern Railway to the Electricity 
Commission for leave to erect a power station in connec- 
tion with the electrification of their South-Eastern 
suburban sections, it was stated in evidence that two 
high-frequency convertors connected in series were less 
stable than single machines taking power at 25 frequency. 
Since that time, however, the use of two high-frequency 
machines in series has become general, as may be seen 
from the following examples :— 


In Sydney those substations which are supplied at 
50 frequency are equipped with 3 000-kW rotary 
convertors each consisting of two 1 500-kW 750-volt 
machines in series. 

In Bombay all the substations on the Great Indian 
Peninsula and the Bombay, Baroda and Central 
India Railways are equipped with 2 500-kW 50- 
frequency rotary convertors, each set consisting of 
two 1 250-kW 750-volt machines in series. 

The 11 substations of the Paris-Orléans Railway con- 
tain 27 sets, all of 2000 kW capacity, each set 
consisting of two 1000-kW 750-volt machines in 
series. 

The Midi Railway are installing in their substations 
various types of converting plant including twelve 
] 500-kW sets of two 750-kW 750-volt machines in 
series, and two 1 000-kW sets of two 500-kW 750- 
volt machines in series. 

On the Illinois Central Railway the majority of the 
substation plant consists of rotary convertors taking 
power at 12 000 or 33 000 volts, 60 frequency. Each 
convertor is rated at 3 000 kW and is composed of 
two 1500-kW 750-volt machines connected in 
series. 


In the development of convertors and motor-generators 
for service on high-voltage direct-current systems, great 
improvements have been made during the last few years 
in the design of the brushgear. It is now customary to 
specify that any such convertor shall be able to stand 
up to a dead short-circuit on the direct-current side 
without the commutator or the brushgear being seriously 
damaged and without the high-tension alternating- 
current supply being cut off. After a short-circuit the 


150 LYDALL: ELECTRIC TRACTION. 


machine must be in such a condition that it can imme- 
diately be put back on the busbars. To meet this 
Tequirement it is necessary to dissipate as rapidly as 
possible the incandescent gases generated at the brushes 
at the moment of short-circuit, and to insulate effectively 
the neighbouring parts of the machine. Several designs 
have been worked out satisfactorily ; one, brought out 
by the British Thomson-Houston Co., consists in 
arranging each brush arm with an enclosed coil pro- 
ducing a powerful magnetic blow-out which projects 
the arc axially outward. This result is also assisted by 
an air blast along the surface of the commutator pro- 
duced by fan blades on the armature end windings. 
Other manufacturers rely upon the effect of an air blast 
over the commutator and the screening action of 
insulating barriers between brush arms. 

The direct-current supply for 3 000-volt schemes is in 
almost all cases provided by synchronous motor- 
generators consisting of the motor, two 1 600-volt 
generators and two exciters, one for the motor and the 
other for the pair of generators. As examples, the 
substation equipments of the Chicago, Milwaukee and 
St. Paul Railway and the South African Railways may 
be mentioned. In the former, the direct-current com- 
mutators and brushgear are fitted with flash barriers, 
and in the latte: the protection is provided by a magnetic 
blow-out in each brush arm. These devices on motor- 
generators and rotary convertors have been thoroughly 
tried out in service under severe conditions and can be 
regarded as quite successful. 

The satisfactory performance of high-voltage direct- 
current rotary convertors and generators on short-circuit 
has been greatly assisted by the development of the 
high-speed circuit breaker. The ordinary switchboard 
circuit breaker opens on overload in about 0-1 second. 
This period is far too long for interrupting a flash-over 
Írom brush to brush as the commutator segments travel 
over the intervening space. On a machine designed for 
50 frequency the time in which an arc between one line 
of brushes and a commutator segment is drawn out to 
extend to the next line of brushes is a little less than 
0-01 second. If, therefore, the circuit can be opened 
within this period, there is reasonable chance of pre- 
venting a flash-over. Special high-speed breakers have 
been developed for this purpose, and many are already 
in operation. Owing to their speed of action, they have 
the effect of limiting thc short-circuit current, which 
can only grow at a certain rate, depending upon the 
reactance of the machine windings and the external 
circuit. 

Relying partly on such breakers and partly on 
special features of design, some manufacturers have 
produced single-armature rotary convertors for 50- 
frequency supply and 1500 volts direct current. The 
Midi Railway has ordered from the Compagnie Electro- 
Mecanique, and installed in two substations on the line 
between Dax and Montrejeau, a number of such machines, 
rated at 750 kW, and a few at 500 kW. These sets are 
not provided with any special brush-holders or flash 
barriers, but rely on the protection afforded by high- 
speed circuit breakers. For the substations on the 
Bordeaux-Irun section 24 single-armature 1 500-volt 
50-frequency rotary convertors of 1000 kW capacity 


have been supplied by the Englisb Electric Co., three 
of which were built in this country, the remainder being 
built by their associated company, Constructions Elec- 
triques de France. The Metropolitan-Vickers Co. have 
made and tested an experimental single-armature 1 500- 
volt 50-frequency machine with a radial commutator. 
Subsequently the machine was installed in a substation 
on the Metropolitan Railway, Barcelona, where it has 
been in operation for two years at a working pressure 
of 1650 volts. The British Thomson-Houston Co. also 
have built and tested an experimental single-armature 
machine for 1 500 volts and 50 frequency. 

During the last few years considerable advance has 
been made in the use of mercury rectifiers for railway 
purposes. Messrs. Brown-Boveri are mainly responsible 
for this development, but similar rectifiers are also made 
in Germany by the Allgemeine Elektricitáts Gesellschaft 
and Siemens-Schuckert and in the United States by the 
Westinghouse and the General Electric Companies. 
Power Rectifiers Limited, who represent Messrs. Brown- 
Boveri in this country, state that, up to the present, 
347 installations of this plant for traction purposes alone 


have been supplied by or ordered from Messrs. Brown-. 


Boveri, including 88 ordered during the present year. 
Their rectifiers are suitable for operation on any direct- 
current system at pressures up to 4000 volts. An 
800 kW set for this voltage has been operating satis- 
factorily since October 1924 in the Cirie substation of 
the Turin-Lanzo Railway. The Italian State Railways 
have a 1700 kW 3 000-volt set for the Benevento- 
Foggia line. The Commonwealth Edison Co. have 
installed two 3 000-kW 1 500-volt sets in the substations 
on the Illinois Central Railroad. Other 1 500-volt sets 
have been supplied to or ordered by the Japanese 
Imperial Government Railways, the Midi Railway, the 
Victorian Railways, the Dutch Railways, and the 
Sydney City and Suburban Railways. 

Five standard sizes are manufactured. ranging from 
530 to 2 100 amperes at 500 volts. At higher pressures 
the current ratings are reduced; for example, the 
second largest standard size is rated at 1 600 amperes 
500 volts, or 750 amperes 3 000 volts. Larger sizes are 
now being developed, and it is hoped to put on the 
market shortly a set rated at 6 300 amperes 500 volts. 

Mercury rectifiers have definite advantages in respect 
of high efficiency, especially on high voltages and low 
loads, and adaptability for automatic control. They 
are, however, not so well adapted as rotary convertors 
to giving a constant or increasing terminal pressure, as 
they naturally have a drooping voltage characteristic. 
They are also irreversible and cannot, therefore, be used 
alone on lines where regenerative braking is in use. 
By comparison with rotary convertors they have smaller 
overload capacity, not so much in respect of the maxi- 
mum permissible overload as of the duration of overloads 
within the range of ordinary requirements. In a few 
cases some trouble has been experienced from inter- 
ference with telephone circuits, on account of the ripple 
transmitted through the rectifier from the alternating- 
current supply. These drawbacks are not in all cases 
of much importance, and it is evident from the infor- 
mation mentioned above that the number of installations 
on electric railways is rapidly increasing. 
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The outstanding development in connection with 
substations during recent years is the design and use 
of special control apparatus by means of which all the 
ordinary operations usually performed by an attendant 
are carried out automatically. The central idea is that 
when the conditions of loading require it, the convertor 
or motor-generator is started up and switched on to the 
line; when the supply is no longer needed, the set is 
switched off and disconnected; and when anything 
abnormal occurs either on the line or in the substation, 
the set is automaticlly protected either by a temporary 
opening of the feeder circuit breakers or by shutting 
down and locking the set out of action until an inspector 
has visited the substation and dealt with the trouble. 
Under normal operating conditions the starting of the 
set is governed by the line voltage, so that when the 
local demand is such as to reduce the voltage by a 
predetermined value below the normal pressure, the 
set is run up and switched on to the line. When the 
load falls off, the controlling relays open the main 
switches after a definite time interval, and the set is 
disconnected from the line and stops. 

This type of automatic or unattended substation is 
generally referred to as being fully automatic. Other 
systems have also been developed, known as supervisory 
control systems, in which all such operations as starting 
and stopping the sets, connecting them to the busbars, 
opening and closing feeder circuit breakers, are carried 
out by a supervisor by remote control from a central 
point or from a neighbouring substation. Subject to 
such remote control the working of all the switchgear 
in the substations is entirely automatic, complete safe- 
guards being provided to protect the machines against 
injury due to breakdown or faulty operation. The 
supervisory system usually makes provision for back 
indication, i.e. for indicating to the supervisor whether 
the switching operations he has initiated have been 
properly carried out and completed and showing also 
the opening of any switch due to overload or short- 
circuit. 

There are already many substation installations which 
are fully automatic or which are equipped with some 
more or less complete system of supervisory control. 
An interesting example of a large-scale installation, in 
which the substation equipments may be described as 
semi-automatic, is that on the Glencoe-Maritzburg 
section of the South African Railways. On this line 
there are 12 motor-generator substations, 11 of which 
convert from 88000 volts three-phase, 50 frequency, 
to 3 000 volts direct current. Each substation contains 
one or more 2000-kW synchronous motor-generators, 
and control of all switching operations is entirely auto- 
matic, subject to the remote control of the main 88 000- 
volt switch of each set, by means of pilot wires and an 
operating switchboard in the neighbouring signal cabin. 
If, for any reason, any set is locked out, an alarm 
bell is rung in the signal cabin and the signalman 
informs the control engineer in the power station by 
telephone. | 

A similar arrangement of semi-automatic single-unit 
substation has been adopted by the Southern Railway 
on the Guildford line. In this case, however, the sets 
are controlled by the attendants of neighbouring sub- 


stations. A complete system of substations with full 
supervisory control from the power station is now being 
installed on the Cape Town suburban lines of the South 
African Railways, and a similar installation is being 
carried out on the Bombay, Baroda and Central India 
Railway. The Victorian Railways in Melbourne have 
five automatic substations, three double-unit and two 
single-unit, which have given very satisfactory results, 
and the installation of automatic and supervisory control 
equipment in other substations which are now manually 
operated is being considered. 

The American Electric Railway Engineering Associa- 
tion have recently prepared a report on certain questions 
connected with automatic substations. The investiga- 
tion was extended to 887 sets with a total capacity of 
about 745000 kW. Of this number, there were 201 
sets in fully automatic and 29 sets in semi-automatic. 
substations. Of the 201 fully automatic sets about 
one-third are equipped also for supervisory control. 

The advantages claimed for the adoption of unattended 
substations are numerous, including (1) improved labour 
conditions, (2) greater reliability due to the partial or 
complete elimination of the human factor, (3) greater 
ability to deal with overloads, (4) increased efficiency 
due to the reduction of light-load losses, and (5) reduc- 
tion of electrolysis due to closer spacing of substations. 

The improved labour conditions arise from the 
elimination of substation attendants and the substitution 
for them of a smaller number of inspectors. As an 
average for 16 operating companies in the United States, 
the cost of inspection and maintenance labour for auto- 
matic substations was found to be 25-4 per cent of the 
cost of operation and maintenance labour for manual 
substations. In the majority of cases, the automatic 
substations have a thorough inspection once a week, 
sometimes with a casual or visual inspection every day. 
In other cases the periods between inspections are twice 
as long. 

The details of the different supervisory control 
systems on the market are too complicated for descrip- 
tion here. The principle on which the more elaborate 
systems are based is that of the selector telephone in 
one form or another. The number of pilot wires between 
the control point and the substations varies for the 
different systems, but the principal designs provide for 
carrying out a large number of operations with back 
indication by means of four or five wires for a group of 
substations, or with two wires to each substation and 
a common return. 

The elimination of the substation attendant has in 
some cases brought into prominence the question of 
efücient ventilation. During hot weather manually 
operated substations can be kept reasonably cool by 
leaving the main doors wide open. This, however, is 
not practicable if the substations are unattended, and 
in their absence either special design of the building is 
necessary to ensure by natural draught the passage of 
sufficient air, or adequate ventilating fans have to be 
installed. The necessity for such measures can be 
realized when it is stated that the heat generated by 
]kW will raise 1900 cubic feet of air per minute 
ldegree C. Thus, ifa rise in temperature of 10 degrees C. 
is considered sufficient in a substation in which the 
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losses amount to 100 kW, the flow of air should be not 
less than 19 000 cubic feet per minute. 

Much study has been given to this question in this 
country and the United States. The tendency in this 
country, especially in the design of substations for 
tropical and sub-tropical lines, is now towards securing 
definite ventilation by means of forced draught, provided 
either by means of a motor-driven fan in the substation 
basement, or by means of a fan on the armature of the 
rotary convertor; in both cases fresh air is drawn in 
from outside the building through openings in the base- 
ment walls, and after passing through the machines is 
ejected from the building through the windows or 
louvred openings in the walls or roof. In some cases 
air filters are being provided in the intake to guard 
against the entrance of excessive dust. 


(3) The distribution system.—For urban and suburban 
electric railways using the low-pressure direct-current 
system, distribution from the substation to the trains 
is still effected almost exclusively by conductor rails. 
In the United States, overhead trolley lines are exten- 
sively employed for interurban systems, but such lines 
have not the necessary capacity for the requirements 
of the motors on trains consisting of several coaches. 

In this country recent extensions of suburban elec- 
trification have been carried out using the ordinary 
contact third rail, the return circuit consisting of the 
track rails. This provides the cheapest arrangement, 
and for the pressure employed, viz. 600 volts, is not open 
to any objection on the score of public danger, as it can 
be cheaply and satisfactorily guarded at all points where 
it is accessible to the public. 

On the suburban lines of the Western State Railway 
in Paris, an under-contact third rail has been installed. 
The rail is exceptionally heavy, weighing over 150 lb. 
per yard. In places where railway servants have to 
cross the lines, the top portion of the rail is covered by 
a cast basalt cap, which rests on the rail by its own 
weight, and being a good insulator provides the necessary 
protection against accidental contact. The protection, 
however, is clearly not very complete, as the cast-iron 
chair in which the rail is held is alive. While such an 
arrangement is probably good enough for a 600-volt 
system, it would hardly be considered safe for any 
higher pressure. 

The under-contact protected third rail on the New 
York Central Railroad is well known, having been in 
use now for a good many years. The same system, but 
with a somewhat different shape of rail and a different 
design of protection to suit the smaller clearance below 
the loading gauge has been in use, also for some years, 
on the Central Argentine and the Buenos Ayres Western 
Railways, on which the distribution pressure is 800 volts. 

With a few exceptions, the overhead system is used 
for railways on which the pressure is 1 200 volts or more. 
The best-known exception is the side-contact protected 
rail designed by Sir John Aspinall for the Manchester- 
Bury section of the Lancashire and Yorkshire Railway, 
on which power is distributed as direct current at 
1 200 volts. For the Paris-Orléans Railway, M. Parodi 
has designed a top-contact protected third rail as a 
subsidiary means of collection and as an auxiliary feeder 


in parallel with the overhead line. This third rail is to 
be installed on the section Paris-Brétigny. An under- 
contact rail somewhat similar to that installed on the 
Paris suburban lines, but simpler in design and more 
completely protected to make it suitable for use on a 
1500-volt line, has becn tried out with satisfactory 
results on a short length of the Manchester-Bury line. 

There seems to be no reason on the score of safety 
against the use in this country of a protected third rail 
for pressures up to 1 500 volts, provided the protection 
is continuous and not merely at selected points. In 
other countries where the general public has, authorized 
or unauthorized, access to the tracks, it would probably 
be considered inadvisable. Apart from the question of 
safety, however, the third-rail system is subject to the 
drawback of discontinuity. On suburban lines this is 
not a serious disadvantage, as on multiple-unit trains 
there is no difficulty in mounting collector shoes on the 
Íront and rear bogies of each train and connecting them 
by a busbar line. It is possible in this way to bridge 
most of the gaps in the rail, which are inevitable in the 
layout of the track at junctions and cspecially at the 
entrance to a terminal station. 

Outside a zone of suburban traffic, electric haulage 
will involve the use of locomotives, and the gap that can 
be bridged by the collector shoes on most locomotives 
is comparatively short. Even on sections of a main 
line between stations, gaps are unavoidable at longer 
or shorter intervals due to the presence of level crossings. 
It is obvious that apart from any other consideration 
an overhead line has the advantage of continuity where 
locomotives are employed.* 

Overhead lines may be classified according to whether 


.they are designed for direct-current systems at 1 500, 


3 00€ (or, as on the Turin-Lanzo line, 4 000) volts, or 
for alternating current at 6 000, 10 000 or 15 000 volts. 
For direct-current systems it is almost always necessary 
to provide a considerable section of copper, from 
0-5 sq. inch per track as in Melbourne to 1-25 sq. inch 
as on the South African Railways. The supporting, 
tensioning and registering of copper conductors of such 
heavy sections must naturally influence the design of 
the structures, which are more substantial than those 
necessary on railways on which alternating current at 
high pressure is used, and where in consequence a smaller 
section of copper is sufficient. 

There are three important questions in connection 
with the design of any overhead line, viz. the arrange- 
ment of the wires, the material of the supporting and 
conducting wires, and the insulation. 

In regard to the first point, the use of a catenary is 
practically universal. Below the catenary various 
arrangements have been adopted. The simplest, which 
is in use throughout the Melbourne suburban system 
and on the suburban lines in Bombay, consists of a 
single, heavy copper contact wire supported by flexible 
droppers. This has been proved to give satisfactory 
results even with the collection of heavy currents at 
high speed. Another arrangement, not quite so simple, 
is that adopted on the Chicago, Milwaukee and St. Paul 
Railway, in which two contact wires are suspended side 


* Since this was written, an announcement has been made that the 
P.L.M. Railway, as the result of initial experience, have decided to adopt a 
1 500-volt third rail for their main-line electrification schemes, 
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by side from a single catenary, the droppers being 
arranged alternately so that a dropper clip on one 
contact wire is midway between two clips on the other 
wire. This arrangement provides a continuous collecting 
surface free from hard spots, except at the register arms, 
and is therefore favourable for the collection of heavy 
currents. Tests carried out by the General Electric Co. 
on their test track at Erie showed that a single panto- 
graph can collect from a line designed on this principle 
a current of 4 000 amperes at 1 500 volts at a speed of 
50 to 60 miles per hour, without appreciable sparking at 
the point of contact. 

Other designs include an auxiliary wire, intermediate 
between the catenary and the contact wires. For 
example, on the Paris-Orléans Railway, there are two 
contact wires, each of 107 mm? sectional area, an 
auxiliary wire of 104 mm? and a catenary of 116 mm2. 
On the Midi Railway also there is an auxiliary, but only 
a single contact wire. In this case the auxiliary and 
contact wires are rigidly clipped together by clamps 
spaced 4-5 metres apart, the auxiliary being suspended 
from the catenary by stiff droppers, consisting of iron 
strips, spaced 9 metres apart. On other lines there 
are a variety of different systems, the details of which 
cannot be described here. 

In regard to material, it has been in the past, and is 
still, usual to employ galvanized steel for the catenary 
and auxiliary wires, if any, especially on alternating- 
current lines in which no great section of copper is 
required for conductivity. On direct-current lines there 
is now, however, a tendency towards the elimination of 
steel in wires and fittings and the use of copper 
throughout, or in some cases, as on the Paris-Orléans 
Railway, phosphor bronze for the catenary. Where 
heavy currents have to be transmitted, the necessary 
conductivity can only be obtained by the provision of 
separate feeders if the catenary (and auxiliary) are 
ofsteel. There are definite advantages in keeping down 
the number of separate wires to be supported and 
insulated on the track structures, and the use of copper 
for the catenary is an obvious assistance in this direction. 

The insulation of overhead contact lines consists 
almost invariably of porcelain. Pin-tvpe insulators 
have been extensively used in the United States, and 
the well known '' diabolo " type on the Continent, in 
Melbourne, South Africa and India. The suspension 
disc insulator has much to recommend it and has been 
used on several high-tension single-phase lines in the 
United States. 


(4) Multiple-unit train equipments.—There have been 
no very important developments during the last few 
years in the design of electrical equipments for multiple- 
unit trains. "There have, of course, been many improve- 
ments in matters of detail, especially in the direction 
of better utilization of the materials, copper and steel, 
of which motors are constructed, simplification of 
control apparatus, and the provision of greater security 
against breakdown of insulation. 

The modern motor-coach motor is designed for a high 
peripheral velocity and is, in most cases, fitted with a 
fan on the armature for induced-draught ventilation. 
Both these features of design make for a high output 


per unit of weight, especially on the continuous 
rating. 

There is also a tendency to use larger motors, arising 
partly from the growth of suburban electrification. 
Suburban trains are usually heavier than trains suitable 
for city railways. The coaches are not restricted in 
dimensions to the same extent as those on a Tube rail- 
way and they have to run at high speeds, 50 to 55 miles 
per hour, on the long non-stop journeys. As an example, 
the new 12 ft. wide stock on the Bombay suburban 
sections of the Great Indian Peninsula Railway may be 
mentioned. Each train, consisting of eight coaches, 
two of which are motor coaches and six are trailers, 
weighs about 425 tons. The equipment of such a train 
comprises eight 300 h.p. motors. As another example 
may be quoted the equipments for the Sydney City and 
Suburban Railways. The unit of rolling stock on these 
lines is one motor coach and one trailer; the former is 
provided with two 360-h.p. motors wound for the full 
line pressure of 1 500 volts. 

In the department of control the advantages of 
automatic operation are now generally considered 
sufficient to outweigh any disadvantages there may be 
in increased cost of maintenance of interlocks, relays, 
limit switches and the like. For purposes of simplifica- 
tion and reduction in the number of arcing contacts, 
the cam-shaft control has been developed and is widely 
used. The cam shaft is driven either by a pilot motor 
or by a compressed-air engine. The former is manu- 
factured by the English Electric Co., and their standard 
design enables the controller to be notched up one 
step at a time at any speed below the predetermined 
maximum, or automatically at the maximum speed 
as limited by the fluctuations of the main current. 

Until recently the great majority of multiple-unit 
coaches were fitted with compressed-air brakes. On 
the Continent there were a few cases of the use of 
vacuum brakes, and this system is employed also on 
the Central Argentine and Buenos Ayres Western 
Railways, and in this country on the Manchester-Bury 
and Liverpool-Southport sections of the old Lancashire 
and Yorkshire Railway. More recently the use of vacuum 
brakes on electric rolling stock has been extended, viz. 
on the Bombay suburban lines and on the Simonstown 
and Sea Point lines of the South African Railways. 
The motor coaches on these lines are equipped with high- 
speed rotary exhausters which weigh less and take up 
less space than the reciprocating exhausters generally 
employed in the earlier electrification schemes. 

Mention may be made here of the latest development 
in this country in multiple-unit stock on the single- 
phase sections of the Southern Railway. The new 
motor-coach units are in effect locomotives, as they 
have no accommodation for passengers. This naturally 
facilitates the arrangement of the electrical equipment 
and enables the four 250-h.p. motors to be cooled by 
forced draught. In the train assembly the motor-coach 
units are coupled in the middle, the train being driven 
from the leading passenger coach. 


(5) Electric Locomotives. 


(a) Mechanical design.—-It is difficult to draw anv 
hard-and-fast line of distinction between various designs 
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of electric locomotives on the basis of the duty they 
are intended for, e.g. as between those for freight and 
passenger services. There are, of course, many electric 
locomotives which are quite unsuitable for either express 
or ordinary passenger traffic, and equally there are 
others specially designed for passenger traffic which 
could only haul very light freight trains at much less 
than their natural speed. Between these, however, 
there are a good many that are fairly well adapted to 
both classes of traffic. For example, the 78 locomotive 
units of the South African Railways are all identical in 
design, but are used without discrimination for freight 
and passenger service. The normal freight train of 
about 1500 tons is hauled by three units coupled in 
multiple, and passenger trains by two or one according 
to the number of coaches. This is perhaps a special 
case, as the curvature of the track precludes the running 
of passenger trains at any speed much above 35 miles 
per hour, whereas with all the goods wagons fitted with 
power brakes there is no objection to freight trains 
running almost as fast. 

The main distinction between freight and passenger 
locomotives is that, although they may have approxi- 
mately the same horse-power capacity, the former 
has a high value of tractive effort at a low speed, and 
the latter a low tractive effort at a highspeed. There 
would be obvious advantages from a traffic point of 
view in designing locomotives capable of exerting 
sufficient tractive effort for freight work and of running 
at the high speeds necessary for passenger trafhc. This 
has been urged in more than one quarter during the last 
few years, but so far no very definite move has been 
made in this direction owing to the extra cost involved. 

The desire to make some substantial progress towards 
standardization is evident from the reported decisions 
of the German, Italian and Swiss Railway authorities, 
arising out of extended experience with a large number 
of different designs. Even amongst these various 
decisions, however, there is complete lack of uniformity, 
and it can be said that there is as yet no generally 
accepted design, or even type, of electric locomotive 
of each of the different classes. 

The controversy between advocates of simple gearing, 
gearless and side-rod designs is less prominent than it 
was a few years ago, but it is not possible to say that 
the difference of opinion has been overcome. Broadly 
speaking, the side-rod design is prevalent throughout 
the Continent of Europe outside France and Spain. 
England, France, Japan and the United States are mainly 
in favour of geared or gearless locomotives without 
rods. This division still persists, with some qualification 
in regard.to the United States, where there has recently 
been some advance in the use of rod locomotives, princi- 
pallv by the Pennsylvania Railroad and the Virginian 
Railwav. Itis also worthv of note that the Government 
of India have just ordered for the Great Indian Peninsula 
Railway 41 heavy electric freight locomotives, the 
design of which follows the scheme developed and 
extensively used in Switzerland, viz. two pairs of twin 
motors, each pair geared to a jack shaft which in turn 
is coupled by connecting rods to three coupled axles. 

Putting aside the many locomotives which have 
been built only in ones and twos, and can therefore only 


be considered ephemeral, there are quite a number of 
different designs which have been widely adopted and 
are still in the running for final survival. In mentioning 
some of these locomotives it must be stated that the 
number of really high-speed passenger locomotives is 
still so small that it is difficult to say anything as to which 
is the most favoured design. 

The double-bogie geared locomotive with two or 
three axles per bogie and four or six geared motors is 
in evidence in large numbers in France, the United 
States and Japan, with a few in this country. A few 
railways where this design has been adopted are the 
following :— 


U.S.A.: Baltimore and Ohio Railroad; Butte, 
Anaconda Railroad; Chicago, Milwaukee and 
St. Paul Railway ; Michigan Central Railroad. 

France: Midi Railway; Paris-Orléans Railway ; 
P.L.M. Railway ; State Railway. 

Japan : Imperial Government Railways. 

South America: Chilian State Railways; Paulista 
Railway. 

South Africa : South African Railways. 


The ordinary 4-motor double-bogie locomotive is so well 
known in its general features that it needs no further 
mention. The 6-motor design is less well known and 
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reference may be made to two alternative arrangements, 
taking as an example for one the 15 freight locomotives 
of the Chilian State Railways, in which the body is 
carried on two 3-axle bogies, and for the other the 10 
locomotives of the Mexican Railway, in which the body 
is carried by three 2-axle bogies. The locomotives on 
the Chilian State Railways are equipped with six 300- 
h.p. motors, each wound for 1 500 volts and suitable 
for operation two in series on a 3 000-volt circuit; the 
locomotives of the Mexican Railway are equipped with 
six 500-h.p. motors also suitable for running two in series 
on a 3 000-volt line. 

The number of different designs of rod-driven loco- 
motives is already very considerable. If the importance 
of any design can be judged by the number in service, 
the first place must be accorded to the freight locomotives 
of the Italian State Railways, of which there are 340 
in service. Fig. 1 shows the wheel arrangement, with 
five coupled axles connected to two motors by means 
of a Scotch yoke. Nearly 200 of these were put into 
service in 1909 and the remainder in 1922 and 1924. 
It is clear, therefore, that the Italian State Railway 
authorities felt justified in standardizing this design 
for freight service on the basis of 13 to 15 years’ 
experience. 

The Swiss Federal Railways have had considerable 
experience of different designs since 1918, and have 
also had the opportunity since 1907 of watching the 
results obtained on other Swiss electrified lines, viz. 
the Simplon, Loetschberg and the Rhoetian Railways. 
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Arising out of this experience they are standardizing 
three different designs, viz. a fast mixed-traffic loco- 
motive for the plains, a fast mixed-trafüc locomotive 
for the mountain sections, and a goods locomotive. 

The German Railways have standardized six types of 
locomotive suitable for different classes of traffic and 
different conditions of operation. All these designs 
embody the side-rod system of drive. 

It is not practicable in this review to enumerate the 
different designs of rod-driven locomotives. ? In a 
classification of electric locomotives recently prepared 
by the American Electric Railway Engineering Asso- 
ciation there are no less than 105 different wheel arrange- 
ments, of which 64 embody connecting rods in one form 
or another. Reference may be made, however, to one 
or two recent developments, which may possibly provide 
some indication of the trend of opinion among electric 
locomotive designers. 
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About 1917 the Pennsylvania Railroad worked out 
a new design of electric locomotive for heavy freight 
work on the main line near Altoona and built a single 
locomotive for test purposes. The wheel arrangement 
and method of drive by twin motors, jack shafts and 
side rods are indicated in Fig. 2. Experience gained 
on these tests led to the adoption of a slightly modified 
design which it is proposed to standardize for the various 
classes of service. The wheel arrangement is indicated 
by the denomination 1 B B 1, and in this respect differs 
from the test locomotive in having four driving axles 
instead of six. The system of drive, by twin motors, 
jack shafts and side rods, is the same. The principal 
working drawings of the mechanical parts have been 
published in the technical Press * and contain many 
features of special interest to locomotive designers. 
The most striking point is the system of lubricating the 
bearings of the motors and the jack shafts by means 
of circulating oil. After passing through the bearings 
the oil accumulates in a sump, from which it is forced 
by an axle-driven pump into a reservoir in the cab. 

The same general design and system of drive has been 


* Engineering, 1925, vol. 119, pp. 125 and 186. 


adopted for the eight new locomotives for the Norfolk 
and Western Railway and for the 36 locomotives for the 
Virginian Railway, except that each jack shaft is driven 
by a single 1 000 h.p. three-phase motor instead of a pair 
of 750-h.p. single-phase motors, and that the jack shaft 
connects by a long rod to the further driving axle instead 
of to the nearer (see Fig. 2). 

The latest design of freight locomotive adopted by 
the Swiss Federal Railways has a wheel arrangement 
1 C— C 1, and in this design also the drive is by means 
of twin-geared motors, jack shafts and side rods, as shown 
in Fig. 2. In this design also it may be noted that the 
jack shaft is connected by a long rod to the further 
driving axle and not to either of the nearer axles, and 
further that this long rod is slightly inclined to the 
horizontal as in the Norfolk and Western and the 
Virginian locomotives. 

As already mentioned, the Swedish State Railways 
have introduced electric working on two sections of 
considerable length, viz. the line from Svarton to Riks- 
graensen and the line from Stockholm to Gothenburg. 
On the former 26 freight locomotives have been added 
during the last few years, 10 with a wheel arrange- 
ment of denomination 0 D 0, and 16 of denomination 
1C+Cl. Forthelatter, 501ocomotives for freight and 
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passenger services have been provided of denomination 
1C 1. These three designs are indicated in respect of 
the wheel arrangement and system of drive in Fig. 3. It 
will be observed that in each of these three designs the 
motive power is provided by twin geared motors driving 
on to jack shafts which are coupled to the driving wheels 
by horizontal side rods. It may also be noted that the 
centre of the jack shaft is level with the centres of the 
driving wheels, and that the jack shaft is coupled direct 
to the nearest driving axles. 

The foregoing notes would seem to show that there is 
yet no indication of general agreement as to the superi- 
ority of the simple geared-motor design of locomotive 
over any design in which side rods are used, or vice 
versa, at all events so far as freight and modcrate-speed 
passenger engines are concerned. It is evident that 
there is a very considerable body of opinion in favour 
of each of these two alternatives, and that each possesses 
certain definite advantages which cannot be claimed by 
the other. To some extent these advantages of one or 
the other alternative may be more important under 
different conditions of operation and may therefore 
influence the choice of design ; if that is so, there seems 
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to be no reason to expect, during the next few years, 
the definite selection of one design to the exclusion of 
others. Apart from this, however, it is perhaps possible 
to suggest that for each of these two alternatives there 
is a certain tendency in design: (a) with simple geared 
motors, the direction of recent development seems to be 
to provide six motors arranged on two 3-axle bogies 
or on three 2-axle bogies, (b) with side rods, the tendency 
seems fairly definitely in the direction of using single or 
twin geared motors driving a jack shaft which is coupled 
by rods to two or three driving axles, all rods being 
either horizontal or only very slightly inclined. 

The design of express passenger locomotives suitable 
for a maximum safe speed of 80 to 90 miles per hour 
has not advanced very far in the direction of general 
agreement, chiefly because there are few electrification 
schemes in which such locomotives are required. It 
can be said, however, that the use of side rods is not 
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ranée Railway and the North-Eastern Railway; (3) 
the so-called “individual axle drive” developed by 
Messrs. Brown-Boveri of Baden, in which the motors, 
single or twin, are connected to the driving wheels by 
outside gearing and flexible link connections between 
the gear wheels and the driving wheels. This arrange- 
ment dispenses with the quill and the quill springs and 
has other advantages, especially in facilitating the use 
of inside frames and main axle bearings. The best- 
known example of this design for high-speed passenger 
work is the 2 D 2 locomotive of the Paris-Orléans 
Railway, but a number have been supplied to other 
railways for passenger service at moderate speeds. 
The principal features of the gearless motor and the 
quill designs are well known; the arrangement of the 
Brown-Boveri gear is probably not so familiar, and is 
therefore shown diagrammatically in Fig. 4. 

As regards the respective merits of these three classes 
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generally considered desirable for this class of engine. 
As an exception, mention should be made of the 2 B B 2 
express locomotive built by the firm of Ganz for the 
Paris-Orléans Railway, which is classified as having a 
maximum safe speed of 80 miles per hour. Each pair 
of motors on this locomotive is connected to a pair of 
coupled driving axles by inclined rods. The new design 
of locomotive by the Pennsylvania Railroad, to which 
reference has been made above, is classified to have a 
maximum safe speed of 75 miles per hour. Apart from 
these the designs which have been worked out and tested 
in service may be classified under three divisions: (1) 
Gearless motors with armatures built direct on the driving 
axles, as used on the New York Central Railroad, the 
Chicago, Milwaukee and St. Paul Railway, and the 
Paris-Orléans Railway; (2) geared motors, single or 
twin, with quills and flexible connections to the driving 
wheels, as on the New York, New Haven and Hartford 
Railroad, the Midi Railway, the Paris-Lyon-Méditer- 


of design for a high-speed locomotive, it is too early 
yet to offer any definite opinion. In the course of the 
next few years other designs will probably be developed 
which may prove superior to anything so far produced. 
There is no doubt that the elements of a successful 
design are better understood now than they were a few 
years ago, and it is reasonable to expect that in the 
immediate future diversity of design will narrow down 
without altogether disappearing. 


(b) Electrical equipment of locomotives.—There has been 
recently no striking development in the design of direct- 
current motors for locomotives, but, as might be expected 
with the growth of electrification, there have been several 
examples of the use of large motors. The following may 
be quoted: The express passenger locomotives of the 
Paris-Orléans Railway are equipped with four 900-h.p. 
motors; the 2 B B 2 locomotive of the P.L.M. Railway 
has two 1 500-h.p. gearless motors; the 1924 passenger 
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locomotive (1 B B 1) of the Pennsylvania Railroad has 
four 1 000-h.p. geared motors. 

Direct-current traction motors are now designed for 
1500 volts and insulated for operation, two in series, 
on a 3 000-volt circuit. There seems no reason to con- 
sider this the limiting voltage and, in fact, on the Turin- 
Lanzo Railway the motors are designed for 1 800/3 600 
volts. The majority of locomotive motors are built 
for forced ventilation; the motor blowers are some- 
times combined with auxiliary generators, so that they 
have to run continuously, and sometimes are simple 
blowers which can be switched on and off as desired. 
Mention should be made of the vertical-spindle motors 
which form the driving element in the equipment of the 
express passenger locomotives on the Midi Railway. 
These motors are connected through bevel gears to quills 
which drive the road wheels through quill springs. 

Single-phase alternating-current motors are now used 
in all sizes from 150 to 3 000 h.p., though the majority 
are between 500 and 1200 h.p. The difficulties with 
commutation experienced during the early years of their 
development have now been practically overcome and, 
although single-phase commutator motors are inherently 
inferior to direct-current motors in this respect, the extra 
cost of commutator maintenance and brush renewals 
is not a very serious matter. It is worth mentioning 
that Messrs. Brown-Boveri in their single-phase railway 
motors use a special form of high-resistance connection 
between the armature coils and the commutator 
segments. This connection consists of stampings of 
very thin sheets of high-resistance material clamped 
between sheets of mica and plates of copper or brass, 
successive elements being assembled in a form similar 
to that of a commutator and held in suitable clamping 
rings between the armature and commutator. 

The Norfolk and Western and the Virginian Railways 
have been electrified on the single-phase system at 
11000 volts and 25 frequency, and all their electric 
locomotives are equipped with phase convertors and 
three-phase induction motors. The Pennsylvania Rail- 
road also used the same system for its test locomotive. 
The new locomotives for the Norfolk and Western Rail- 
way are of special interest as they embody a number 
of improvements based on the experience with those put 
into service in 1915. The 36 locomotives for the Vir- 
ginian Railway are similar. Each locomotive unit 
contains a phase convertor which receives single-phase 
current from the line through the step-down transformer. 
The convertor is a synchronous motor with a two-phase 
stator winding and a wound rotor direct coupled to a 
small single-phase series commutator motor which acts 
first as a starting motor and then, after the convertor 
has run up and been synchronized, as a direct-current 
exciter. Three-phase current is obtained from suitable 
tappings in the stator windings and delivered to two 
three-phase 1160 h.p. induction motors. The tractive 
effort of each locomotive unit, corresponding to the one- 
hour rating, is 108 000 lb. at 14 miles per hour, or 63 000 
lb. at 28 miles per hour. The wheel arrangement and 
method of drive have already been mentioned above. 

Before leaving the subiect of single-phase electrifica- 
tion it is necessary to refer to the motor-generator 
locomotives on the New York, New Haven and Hartford 


Railroad, the Great Northern Railway and the Detroit 
and Ironton Railroad. On these lines current is 
delivered to the locomotives as single-phase alternating 
current at 25 frequency, is stepped down by a static 
transformer, and is then converted to direct current by 
a synchronous motor-generator. As an example, the 
figures for the two locomotives being built by the 
Westinghouse Company for the Great Northern Railway 
may be given. The motor-generator consists of a 2 100 
h.p. synchronous motor and a 1500 kW 600-volt direct- 
current generator. There are two exciters on the 
motor-generator shaft, one for the synchronous motor 
and the other for the variable excitation of the direct- 
current generator. The advantages of this general 
design are the use of a high distribution voltage with 
alternating current, the most convenient form of driving 
motor, the elimination of the main controlling resistances 
and the facility of regenerative working. Inherently 
there is nothing to prevent the use of a single-phase 
supply at 50 or 60 frequency, if on other grounds this is 
desirable. 

The possibility of utilizing the general and industrial 
supply of power for railway purposes is also under 
consideration in Italy and in Hungary. In Italy an 
experimental locomotive has been built for use on the 
Rome-Avezzano line, on which power is distributed as 
three-phase alternating current at 10 000 volts and 45 
frequency. This supply is transformed on the locomotive 
to 1600 volts and is fed to two 1 300-h.p. three-phase 
induction motors designed for three speeds, 37-5, 50 and 
75 km per hour. In Hungary a test locomotive has been 
designed for taking power from a single-phase overhead 
line at 15 000 volts and 50 frequency. The equipment 
includes a 2 000 kW synchronous phase convertor which 
receives power from the line and delivers three-phase 
current at variable voltage, 350 to 600 volts, to the 
driving motors of the induction type. The primary 
single-phase stator winding of the phase convertor 
is connected direct to the 15 000-volt line ; the secondary 
is a three-phase low-voltage winding distributed uni- 
formly over the stator. The rotor of this convertor is 
of the two-pole turbo type running at 3 000 r.p.m. 

In general, control apparatus for electric locomotives 
has not altered greatly in recent years. Methods of 
control naturally depend on the class and number of 
motors in the locomotive equipment. For direct-current 
motors there are still the series-parallel or the series, 
series-parallel and parallel system with main resistances. 
Unit switches or contactors controlled by non-automatic 
master controllers are used for the step-by-step cutting 
out of these resistances, but group switches operated 
by compressed-air cylinders are now very generally 
used for reversing, re-grouping (in series or parallel) 
and field control. Asthe motors have gradually increased 
in capacity, there has been a tendency among designers 
to concentrate upon the electro-pneumatic system for 
the contactors as well as for the group switches. With 
very heavy currents electric contactors tend to be expen- 
sive and bulky, and as a large number are necessary in 
a modern powerful locomotive, both these factors are 
important. The cam-shaft controller is used instead of 
contactors by the English Electric Co., and by Messrs. 
Brown-Boveri for their locomotives. 
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Field control of direct-current motors is now usually 
obtained by tappings on the field windings. Inductive 
shunts have been used for this purpose, mainly with the 
view of simplifying the design of the motor and keeping 
down the number of internal connections. These shunts, 
however, to be of much practical use, must be bulky 
and take up a good deal of useful space in the locomotive, 
and may have to be cooled by forced draught, as in the 
passenger locomotive built by the North-Eastern Railway 
in 1922. It is now generally considered that field 
tappings are preferable. 

Single-phase railway motors are always controlled by 
suitably varying the voltage of the supply from the 
step-down transformer. This variation is obtained by 
bringing out from the low-tension winding of the trans- 
former a number of tappings. Connection between the 
motors and these tappings is made either by contactors 
with preventive coils to avoid short-circuiting segments 
of the transformer windings, or by a sliding switch 
combined with a pair of contactors which come into 
action when the connection is changed from one tapping 
to the next. The latter form of controller is extensively 
used on the Continent and is simple, compact and 
effective. 

Three-phase induction motors are started by cutting 
out the external resistances in the circuits of the 
rotor windings. This is effected by liquid rheostats, 
the electrodes being lowered into and raised from the 
electrolyte by means of motor-driven gearing, or the 
electrolyte being pumped into and out of the rheostat 
tank containing fixed electrodes. The electrolyte is 
circulated through a cooler by a small centrifugal pump. 

The later designs of alternating-current locomotive 
equipments for service on a high-voltage overhead line 
include an oil-insulated transformer. This has replaced 
air-blast transformers, which were found to be not very 
satisfactory owing to the entrance of dust and moisture 
and sometimes metallic dust from the brake shoes. The 
oil is circulated through an external radiator, which is 
cooled either by the natural draught created by the 
locomotive, or by an air blast from a motor-driven fan. 

On alternating-current locomotives power for the 
operation of auxiliary services such as control, lighting, 
heating, motor blowers, compressors or exhausters, is 
quite simply obtained from a small step-down trans- 
former, or by a suitable low-tension winding on the 
main transformer if this is kept alive continuously. 
On high-voltage direct-current locomotives for 1 500 
and 3000 volts, the necessary low-voltage auxiliary 
power is obtained from a motor-generator or a dyna- 
motor. There are many ways in which these machines 
are combined with the other auxiliaries. For example, 
in the 3000-volt locomotives for the South African 
Railways there are two motor-generators each coupled 
direct to a blower. One set consists of a 3 000-volt 
double-commutator motor and a 100-volt generator 
from which all power is taken for control, lights, heaters, 
compressors and exhausters ; whilst the other set con- 
sists of a similar motor and a variable-voltage generator 
for the excitation of the fields of the main motors while 
regenerating. Another arrangement is that of the 3 000- 
volt locomotives on the Mexican Railway in which all 
the auxiliary machines, compressors and blowers, are 


supplied with current at 1500 volts from one or other 
side of a 3000/1 500-volt dynamotor. Coupled to this 
dynamotor is a small 65-volt generator from which 
current is taken for the control and lights. It is usual 
now to include in the equipment of a locomotive a small 
low-voltage storage battery connected in parallel with 
an auxiliary generator. This is useful as a stand-by 
in the event of the motor-generator breaking down, and 
also as a means of keeping the locomotive lights going 
if the supply from the overhead line fails. It is also 
useful for testing out the control equipment in the shed. 
The subject of fuses for high-voltage locomotives is a 
difficult one and has by no means reached finality. 


(c) Braking of electric locomotives.—The detailed 
design of the braking system on an electric loco- 
motive cannot be discussed here. It is only possible to 
refer to one or two general matters in this connection. 
The majority of railway electrification schemes have been 
carried out on lines where the compressed-air system is 
in general use. On these lines it is natural that the 
same system should be employed for the locomotive 
brakes. Not only is this the most convenient method 
of providing for brake operation on the locomotive 
and on the train, but also the supply of compressed 
air is available for electro-pneumatic switchgear and 
for raising and lowering the pantographs. 

It might be thought that on other lines where the 
vacuum-brake system is used there would be an obvious 
preference for designing the locomotives for this 
system. There are, however, drawbacks to the use of 
vacuum cylinders on electric locomotives ; for instance, 
it is difficult to find room for cylinders of the size 
necessary to give the requisite braking effect. On the 
other hand there are advantages, as mentioned above, 
in having a supply of compressed air. These considera- 
tions have been reconciled on recent locomotives by 
designing the locomotive itself for compressed-air 
brakes, and providing as part of the equipment one or 
more compressors and exhausters. The exhausters 
produce the vacuum necessary for braking the train, 
and the locomotive brakes are operated by a “ propor- 
tional valve,’’ so designed that any reduction of the 
vacuum in the train pipe causes a proportional applica- 
tion of the brakes on the locomotive. Exact propor- 
tionality cannot be maintained when a locomotive 
travels from sea-level to a considerable altitude,: but 
experience shows that the arrangement works quite 
well for all practical purposes. 

Brief mention may be made here of the subject of 
regenerative braking. The possibilities of this system 
have been apparent since electric traction on the three- 
phase system was introduced. The use of induction 
motors for this purpose is so simple that no special 
apparatus is necessary. Single-phase alternating-current 
and direct-current series motors do not lend themselves 
so readily to regenerative braking; but many schemes 
have been devised and put into successful operation. 
Naturally, on single-phase railways where the loco 
motives are equipped with phase convertors and three 
phase induction motors there is no difficulty. 

The essential element of any scheme of regenerative 
braking with series-wound motors, whether single-phase 
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or direct-current, is separate excitation. For single- 
phase motors the phase of the excitation must be 
correct, and the obvious method of obtaining the proper 
excitation is to use a small phase convertor. Little if 
anything has, however, been practically done in this 
direction. An approximation to the correct phase can 
be obtained by means of a reactance coil; but this 
method is less efficient. A simple arrangement, which 
can hardly be described as providing for regeneration, 
has been adopted on some Continental lines, viz. the 
conversion of the motors into generators by separate 
excitation, the generated energy being absorbed 
by high-capacity rheostats in the locomotive. This 
system has the advantage that it spares the brakes and 
provides smooth running. 

On direct-current locomotives separate excitation 
can be provided in several ways: (I) by a motor-genera- 
tor, (2) by an axle-driven generator, in cases where there 
are free axles as with a side-rod drive, (3) by converting 
one of the main mctors into a self-exciting series generator 
and exciting the fields of the remaining motors from this 
source ; this is more suitable for locomotives with six 
driving motors. These three systems are in use on 
different locomotives put into service during recent 
years. The motur-generator is naturally better adapted 
to double-bogie 4-motor locomotives; for example, 
the 78 locomotives on the South African Railwavs are 
equipped in this way, also the original engines for the 
Chicago, Milwaukee and St. Paul Railway. The axle- 
driven generator is used on the passenger engines of 
the last-named railway built by the Westinghouse Co. ; 


and the third system, using one main motor as 


an excitation generator, has been adopted for the 
6-motor locomotives on the Mexican Railway. The 
design of any regenerative system is quite a special 
study, and there are many problems that have had 
to be solved in regard to stable working and methods 
of control. 
cessfully worked out, and the general opinion seems 
now to be fairly definite that regeneration has fully 
justified itself and will continue to be adopted on 
Schemes which include any substantial amount of grade 
working. 


TRAMWAYS. 


Recent developments in tramway work in this country 
have arisen from the revised conditions forced on these 
undertakings by the rapid growth of motor-omnibus 
trafhc. Beforethe war the competition between tramcars 
and motor omnibuses was not specially severe. During 
the last 10 years, however, city traffic has developed 
very rapidly and the tramways in self-defence have been 


These problems have, however, been suc- 


forced to provide'transport facilities comparable with 
those offered by the rival systems. 

One of the principal changes introduced in recent 
years in tramcar design is the ability to run at high 
speed. Before the war the maximum steady speed on 
the level was about 16 miles per hour, whereas now the 
specification for a tramcar equipment calls for a maxi- 
mum running speed on the level of 25 to 30 miles per 
hour. Cars have also increased in length and seating 
capacity and therefore in weight. Both these factors 
make it necessary to use larger motors, and it is usual 
now to provide motors of 50 to 60 h.p. 

To meet these new conditions tramway-motor design 
has changed considerably from what had become more 
or less standardized 10 to 15 years ago. The armature 
speed at the one-hour rating, which was usually about 
600 r.p.m., is now usually 900 r.p.m. Motors are self- 
ventilated instead of being, as formerly, totally enclosed ; 
the continuous rating has consequently been much 
increased. As a result of these changes tramcar motors 
are smaller and lighter in spite of their increased capacity. 
The normal arrangement is still the so-called '' wheel- 
barrow ” suspension, but experiments are being carried 
out on certain tramways with worm-gear drive instead 
of the usual spur gearing. 

With this advance in the capacity of the motor, it 
has been necessary to pay special attention to the con- 
troler. The old type of drum controller had hardly 
sufficient capacity to deal with the current of a pair of 
60- or 75-h.p. motors, and a new form has been designed 
and put into service on several tramway systems, 
including the London County Council, Edinburgh, 
Manchester, Glasgow and Newcastle-on-Tyne. This 
has been developed by the Metropolitan-Vickers Co., and 
contains a group of eight contactors operated in the 
proper sequence by a cam shaft geared to the main 
handle. These contactors open and close all circuits 
and connections necessary for the usual operation of 
the equipment, including series and parallel grouping, 
cutting out resistances, and rheostatic braking, the 
resultant arcs being dissipated by a concentrated mag- 
netic blow-out. 


It will be understood that the author, in preparing 
areview of such a widespread subject as electric traction, 
cannot speak from actual personal knowledge of every 
matter to which reference is made. He therefore wishes 
gratefully to acknowledge assistance from several 
quarters, including railway electrical engineers, various 
manufacturers, and the technical Press, who will, it 
is hoped, accept this expression of his appreciation and 
thanks. 
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SUMMARY. 

The object of this paper is to analyse some of the various 
Starting arrangements used with single-phase induction 
motors. As is well known, these machines have inherently 
no torque at standstill but require special devices to produce 
this torque by altering the motors during the starting period 
into unsymmetrical polyphase induction motors. 

It is proposed to deal only with electric starting devices, 
which have found an extensive commercial application for 
motors from about 1 to 100 h.p. Mechanical means of 
bringing single-phase induction motors such as pony motors, 
etc., up to speed, will not be considered in this paper. 
Inductive devices of either the external or the internal type 
are practically confined in their application to fractional 
horse-power machines and therefore will only be mentioned 
here for the sake of completeness. 
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A = coefficient allowing for voltage-drop, etc. 

E = electromotive force in volts. 

E = e.m.f. in quadrature with main voltage. 

E,=e.m.f. induced in main stator winding by 
flux n. 

E, = e.m.f. induced in rotor phase winding by 
flux Q, at standstill. 


, 
E» = E, in terms of stator main winding. 
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E, = 


E; = 
Ek, = 


E, = 


f= 
f= 


T = 


e.m.f. induced in auxiliary stator winding by 
flux ®,. 

E, in terms of stator main winding. 

e.m.f. induced in rotor phase winding by 
flux @, at standstill. 


E, in terms of stator main winding. 
frequency of supply. 

frequency of rotation. 

current, in amperes. 

starting current. 

stator current in main winding. 


= rotor current, magnetizing in axis of field Dy. 


I, in terms of stator main winding. 
stator current in auxiliary winding. 


I, in terms of stator main winding. 


= rotor current, magnetizing in axis of field ®,. 


I, in terms of stator main winding. 
total short-circuit current. 
short-circuit current in stator main winding. 


= short-circuit current in stator auxiliary winding. 


full-load current. 

no-load current. 

magnetizing current. 

stator current in phase I. 

stator current in phase II. 

stator current in phase III. 

current in external starting resistance. 
current in external starting reactance. 
winding factor of stator main winding. 
winding factor of stator auxiliary winding. 
number of turns of stator main winding. 
number of turns of stator auxiliary winding. 
number of poles. 

line voltage. 

terminal voltage on stator main winding. 
terminal voltage on stator auxiliary winding. 
resistance of starting device. 

resistance of stator main winding. 

resistance of stator auxiliary winding. 
resistance of rotor winding per phase. 


r4 in terms of stator main winding. 
r,in terms of stator main winding. 
r,in terms of stator auxiliary winding. 
short-circuit resistance r, + r2. 


short-circuit resistance 73 + r4. 
starting torque ratio. , 
starting torque per pole-pair between (D, and_J,. 


= starting torque per pole-pair between G,, and Js. 


resultant starting torque. 
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List OF SYMBOLS USED IN THE PAPER—continued. 


T, = starting torque, in synchronous watts. 
Ty = full-load torque, in synchronous watts. 
X = reactance of starting device. 
zı = reactance of stator main winding. 

2 = reactance of rotor winding per phase. 


x 
T3 = 2, in terms of stator main winding. 
z4 = reactance of stator auxiliary winding. 
T3 = 23 in terms of stator main winding. 
zi = z, in terms of stator auxiliary winding. 
Ze, = short-circuit reactance z, + 4». 


. . , 
= short-circuit reactance a3 + 24. 


Lee; 
Z = impedance. 

Z, = total impedance of motor and starting device. 

Zı = impedance of stator winding of phase I. 


Zi = impedance of stator winding of phase II. 


Zit impedance of stator winding of phase III. 
Zæ = Short-circuit impedance. 
ts, = short-circuit impedance in terms of stator main 
winding. 
Zs, = short-circuit impedance in terms of auxiliary 
winding. 


zı = impedance of stator main winding. 
2, = impedance of rotor winding per phase. 
Zo = Z in terms of stator main winding. 

= impedance of stator auxiliary winding. 
Z3 = Z, in terms of stator main winding. 

z 
Zi 
a 


i = 2, in terms of stator auxiliary winding. 
= total impedance. 
= phase angle between ®,, and @,, also between 
I, and Ig. 
B = phase angle in monocyclic systems. 
7) = full-load efficiency of motor. 
7, = efficiency of starting device. 
u = transformer ratio. 
®, = quadrature flux. 
Q,, = main flux. 
$ = phase displacement on full load. 
Psc = phase displacement on short-circuit. 
$, = angle of lag of stator current in main winding. 
$a = angle of lag of rotor current. 
$$ = angle of lag of stator current in auxiliary 
winding. 
$m = angle of lag of magnetizing current. 
w = angular velocity. 


INTRODUCTION. 


As the single-phase induction motor is not inherently 
self-starting, a special starting device always has to be 
used to bring it up to full speed. 

All starting arrangements coming within the scope 
of this paper are for the purpose of producing a magnetic 
field in quadrature with the main field, such as is being 
formed at speed by the rotation. This is achieved by 
Means of combinations of impedances of different 
inductance; these produce a phase-displacement be- 
tween the impressed voltages on the different windings. 

The various arrangements used in commercial practice 
for this purpose can be classified into three groups :— 

(1) Phase-splitting devices.—The motors of this system 


VoL. 65. 


generally have a main (or working) winding and an 
auxiliary (or starting) winding in the primary circuit, 
displaced from each other around the stator periphery. 
These two windings can be connected either in series 
with parallel-connected impedances, or in parallel, the 
impedances being in this case in series with their 
respective stator windings. The two windings may be 
distributed equally over the pole-pitch, or one winding 
can occupy more or less space than the other. The 
number of turns of the two circuits may be either the 
same or different. The impedances used for producing 
the phase displacement are resistance, reactance, 
capacity, and their combinations, and may be either 
internal or external to the machine. The former plan 
is usually adopted in the case of small machines, one 
of the windings having a high resistance or a high 
reactance, which, as the motor speeds up, is cut out 
by means of a centrifugal switch and thus a starter is 
dispensed with. 

(2) Inductive devices —This system, as already stated, 
is extensively used for small fractional-horse-power 
motors and consists in the employment of two or more 
stator circuits, which are inductively related to each 
other and so produce a phase displacement. 

When the external inductive device is used, the 
mutual inductance is produced outside the machine 
by means of a magnetic circuit, with which the different 
induction coils are interlinked. This arrangement is 
not often used in modern practice. 

The internal inductive device is 1epresented by the 
“ shading-coil ” motor and the '' accelerating-coil ” motor, 
and both are often used for small high-frequency fan 
motors. In addition to the ordinary main winding, these 
machines have short-circuited secondary windings on the 
stator, which in the ‘‘ shading-coil '" motor take the form 
of coils covering part of the pole-piece, excited by the 
main winding. The accelerating-coil motors have, in 
place of the shading coils, a secondary winding displaced 
partly in space from the main winding and short- 
circuited on itself or through an additional impedance. 
The starting characteristics of both these motors are 
very similar. 

(3) Monocyclic starting devices.—The monocylic device 
was first proposed by Prof. Steinmetz, American Patents 
No. 620988 and No. 620989 (1895), and as it employs 
ordinary polyphase motors and also gives more or less 
the best results, it has found a very extensive applica- 
tion for starting purposes. 

It consists essentially in the production outside the 
motor of a polyphase system of voltages, accomplished 
by means of an arrangement of two impedances of 
ditferent inductance across the single-phase mains. 
The resulting polyphase system has still only a single- 
phase flow of energy, as one e.m.f. alone is in phase 
with the supply energy, whereas the other e.m.f.'s 
produced are all wattless. When these polyphase 
voltages are impressed upon an ordinary polyphase 
wound motor, the wattless voltages produce the cross- 
magnetic fields necessary for starting. Fig. 1 shows 
some of the various ways of using the monocyclic system 
with both star- and delta-connected three-phase motors. 

The simple e.m.f. diagram of the monocyclic device 
producing an approximate three-phase voltage system 
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is a triangle, as shown in Fig. 2. In this figure V is 
the line pressure, IR and IX the e.m.f.’s across the two 
impedances, and E, the e.m.f. in quadrature with the 
main voltage and therefore wattless. If an attempt 
is made to draw power from Ep, this e.m.f. will very 
soon collapse. 

The different starting arrangements mentioned above 
can also be grouped from another point of view. 


[E] [Y] 
ES. 


Fic 1. 


(a) Production of the phase-displacement by inserting 
different impedances in or in series with the motor 
windings. 

(b) Production of the phase-displacement by con- 
necting impedances in parallel with the motor windings. 

Each of the previously mentioned classes includes 
types of both these groups, as can easily be seen. 


sk Ss 


V 
Fic. 2. 


In the following the performance of the split-phase 
and monocylic starting devices will be investigated 
more fully and some numerical examples given. 


THE STARTING TORQUE OF THE SINGLE-PHASE 
INDUCTION MOTOR. 


To investigate the starting phenomena the simple 
arrangement of equal windings, such as those of an 
ordinary two-phase motor, is most conveniently used. 
Each of the two magnetic fields produced at standstill 
in the main axis and in quadrature induces a current 
in the short-circuited rotor, which magnetizes in its 
own field axis and gives, together with the field in 
quadrature with it, a certain torque. These two torques 
together form the resultant starting torque. 

Reducing all values of the rotor in terms of the 


number of turns N, in the stator main winding, with 
the winding factor k,, the e.m.f. induced in the rotor 
winding by the main flux @,, at a frequency of f cycles 
per second becomes 

Eo = 4:44fN,k,D, x 10-8. . . (1) 


The rotor current, magnetizing in the axis of the 
field Ọm, in terms of the main winding is then 


and lags by 90° +d, behind Ọm, as cos à, = rz. 

The quadrature flux @,, produced by the starting 
device, in its turn induces an e.m.f. in the rotor winding. 
This e.m.f., taking the same number of turns as the 
main winding, amounts to 

E, = 4-44fN,k,D, x 10-8 

Similarly, the rotor current due to this e.m.f. and 
magnetizing in the axis of its generating field, but 
lagging by 90° + ¢, behind it, is 
Ey _ E, 
z, — vlr? T (e 

If the two fields D,, and G5, are of different phases, 
assuming the phase angle to be a, it follows that both 


| x 


a. 


Fic. 3.—Starting vector diagram. 


the e.m.f.’s and the rotor currents differ by the same 
phase angle a. Fig. 3 gives the vector diagram illus- 
trating this condition. 

The torque per pole-pair between the rotor current 


I a and the auxiliary flux therefore becomes 
tı = 0-7070,I;N,k, cos (1200,4) . . (2) 
and between the rotor current and the main flux 
t, = 07070, I, NK, cos (1409m) 
The resultant starting torque is thus 
T—0-707pN,k 6,15 cos(/500,) + I, cos (L1,00,,): (3) 
Now 150, = I40, as Iz: I, = Eo: Ey = Dm: 6, 
From Fig. 3 it can be seen that 
angle (/500,) = (90° + d, — aj 
and angle (140®,,) = (90° + dy + a) 


| whence T = 1-4lpN Io, sin a cos dy 


ni d 
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Further, 
E. 
l = — 5, —.——,— and cosg, = ae E 
V ira)? + (29)?] | VEC? + (22)*] 
therefore 
I, cos bg = Err and E% E, and E, © E} 
17 Et p 
the e.m.f.'s of the stator windings. 
= l E; 
Bin Do = TAN E, 
E.N,k Er» 
T = 1-41p——_1 1 ; m X sin 
P4447 N,k, (r3)? 3b: (x,)2 sina 
1-41p_) ro 
- E.E eee 
4-44/ 2 i sin IF + wee 


The starting torque in synchronous watts is 


_ mf  V(2)p 
fae ye 


a 


, : To 
X EE, sın E + (a? 


, . To 
= 2H3E, sin a y + ey (4) 
as T, = wT, where w = 27f/p is the synchronous angular 
velocity. 

For the two-phase motor the two magnetic fields are 
of the same magnitude and are displaced by an angle 
of 90°. Therefore E; = E, and sina = sin 90° = 1. 
The starting torque then becomes 


T = 2E, £3 T7. 
(e 
The starting-torque ratio of the two motors is con- 
Sequently t = E E; sin aJ EŻ. 
For polyphase motors the starting torque is pro- 
portional to the losses in the short-circuited rotor at 
standstill, whereas for the single-phase motor with 


auxiliary winding the torque is proportional pay to 
part of them, namely 


[U5)*rs + (Ir) = 


r’ 
E? + (E3) — 
[ I ( 3) ep £ (z7) 
Thus the torque efficiency of the starting device is 


the ratio of the useful torque energy to the total energy 
input into the rotor, or 


2E,E; sin a 


Starting efficiency 7, = —; ; 
"Et + (Ey 


(6) 


As in the case where resistance and inductance are 
used, the phase angle between the two magnetic fields 
Oa and D, in the single-phase motor can never be as 
large as 90°, the torque efficiency of its starting device 
will always be less than unity. With a combination of 
inductance and capacity, however, a true polyphase 
condition can be arrived at, in which case of course 
Ns becomes unity. Where high starting currents are 
permissible, single-phase starting torques of the same 
order as those of polyphase motors can be reached, 
but, as the necessary volt-ampere input increases 
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accordingly, the starting efficiency is of course not 
improved. 

The formula for the starting torque can also be 
written in terms of the rotor currents. It is 


y E, P E, 
MEUSE SEL T ee Pane 4 Tu WUdm mo og TL 
Vil)? + (x2)?] Virs)? + (23)?] 
Hence 25 = 21I 472 sin a 


Denoting by V, and V, the voltages on the terminals 
of the main and auxiliary windings respectively, and 
remembering that the e.m.f.'s of the windings are a 


FIG. 4. 


few per cent smaller than the supply pressures, the 
formula is, taking A = 0-97, 


E,~ AV,C20-97V, and HE; = 0-97V, 
Moreover 
, E A . 
Ip == aware as LE 
21 2 Z1 
, K A ; ; 
do one Se ea, a ST, 
23 23 23 
whence 


T, = 2A?I T2 sin a =, 2A? VV 3(rofzi) sina. (7) 


In the above expressions all the values are in terms 
of the stator main winding. The actual current in 
the auxiliary winding is I, = (I3/u) = Vaj (zzu), u being 
the transformer ratio of the auxiliary winding to the 
main winding, namely u = Nka (N k). 

Incorporating these values, the final expression for 
the starting torque is found to be as follows : — 


[4 


T cs 2A?] Iur; sin a = 2421s x - sina. (8) 
u 7i 


PHASE-SPLITTING STARTING DEVICES. 


(1) THE SERIES CONNECTION OF IMPEDANCES TO THE 
Two-PHASE WINDINGS OF A SQUIRREL-CAGE MOTOR. 


The diagram of connections of this arrangement is 
given in Fig. 4. The main winding N, is in series 
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with a resistance R and the auxiliary winding Ng 
with a reactance X. As the rotor is of the squirrel- 
cage type, its resistance is given and remains constant 
for all practical purposes. 

The corresponding vector diagram is shown in Fig. 5. 
In this figure OP.. represents the actual short-circuit 
current J,, = V/z,, of the main winding, drawn at an 
angle dee, COS dee being r,/z,. OA is then the ideal 
short-circuit current Ise = V/z,, and in its middle lies 
the centre M, of the circle which passes through the 
three points O, P.. and A. By connecting A with P,., 
the voltage triangle OP,,A is obtained, OA being pro- 
portional to the terminal voltage V, OP.. to the wattless 
component Itse and AP, to the watt component 
I,rg. Drawing a perpendicular from P,. to OA, the 
new triangle OP,.C represents to scale the impedances 


A 
| 
O Xa.) M, C A 
Fic. 5. 


£scOPa ra= PC, and Xx,-— OC of the main 
winding. The angle CP,O is again d$, as cos dig 
= PQC/PAZO (rs 

If a resistance R be connected in series with the 
main winding, the total resistance becomes R +- Pro. 
As P&C stands for r,, P;-D represents the resistance R 
in the same scale and of course CD the total resistance 
(R + rf). A line drawn from O to D intersects the 
circle OP&.A in the point P}. Since z,, is constant and 
the locus of the short-circuit current /,, is the circle, 
OP, represents the current of the main winding with 
a resistance A in series. The power factor of this 
current is then cos d, = DC/DO. 

For the point of issue of the diagram for the auxiliary 
circuit, the point P, is chosen. A vertical is erected 
at this point and its size is such that P,B = V/(u?r,,), 
where 1 is, as before, the transformer ratio of the two 
windings, namely u = N3k,/[(N,kj. Taking P,B as 


| diameter, a circle may be drawn, with its centre M, 


half-way up this ordinate. A line from P, parallel to 
OPs: cuts this circle at the point P, and it is 


V fo V 


2 2 


P,P, = P,B cos dy = 


ie. the short-circuit current I, of the auxiliary 
winding connected directly across the supply mains 
is given by P,P, in the figure. Obviously only the 
full-line parts of the two circles have a real existence. 
If main and auxiliary windings possess the same number 
of turns and are equally distributed, the two short- 
circuit currents J,,, and Iş, are also equal, thus 
OP, = PP. With u = N.„k,J(N kı), however, the 
short-circuit current Ise, is OP,/(P,P4) = u? times Le, 

Connecting a reactance X before the auxiliary winding, 
the current in that winding is moved along the full- 
line part of the circle BP,P,, analogous to the shifting 
of the main current on its circle, as shown above. 
As OC represents the reactance of the main winding, 
FP, stands for the reactance of the auxiliary winding 
and equals u?r,. The connected reactance X is marked 
to the same scale on a horizontal line from P4 as PE. 
Drawing a line from E to P,, the circle BP4P, is cut 
at the point P4 and P,P, is proportional to the resultant 
current J, in the auxiliary winding with a choking coil 
of reactance X in series. As this current 74 has a power 
factor cos $3, it lies at an angle ¢, in the diagram. 
The phase displacement of the two currents J, and Js is 
therefore d, — d, =a. As can easily be seen, this 
angle a is always less than 90? if resistance or reactance 
or both together are used for the impedance connected 
in series with the stator windings. 

To obtain a phase displacement of 90?, either the 
resistance or the choke coil has to be replaced by a 
condenser, giving negative reactance or capacity. The 
point of the current vector will then move on to thé 
dotted part of the respective circle. The chain-dotted 
lines on the left-hand side of the diagram show the 
condition when capacity takes the place of reactance. 
The use of capacity has not found an extensive practical 
application, mainly due to the fact that, until recently, 
reliable condensers for such purposes were not on the 
market. 

From the formula for the starting torque 


it is clear that for a given current J, in the main 
winding, the starting torque becomes a maximum 


| when the current 7, in the auxiliary winding multiplied 


by the sine of the phase-displacement angle a is a 
maximum. This occurs, as P,P, has as locus the 
circle having M, as centre, when the radius MjP; is 
perpendicular to the extension of the vector of the 
assumed current OP,. It is then P,G = J,sina, the 
maximum attainable value for a given current J, = OP}. 

The conditions for this relative maximum are arrived 
at as follows :— 

In the triangle PGP,  / GP,P, =a, and /P,GP, 
= 90°, therefore — / GP4P, = 90° — a. Further, 
Z PPB = 90°, thus / BP M; = / P,P3B — ZGPsP, 
=a. But as BMP, is an isosceles triangle, BM, 
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and PM, both being radii, / M,BP, = / BP3M, = a. 
Hence 


V 
[, = P,Ps = P,Bsin a = 4;— sina 


UT pa 
Moreover 
and ZP EPs = 90° — Z_MsP,P3 =a 
Therefore Z.P,OA = 2a 
and I, = OP, = OA cos 2a = — cos 2a 


8e 


It follows then that 


sin? a cos 2a 


I,Ijusin a = 
8e 


and the starting torque 


2A4?V?r, 
s = ———— sinacos2a . . . (9) 
ur sex 


Fic. 6. 


If both rotor resistance r, and transformer ratio u% 
are fixed, the phase-displacement angle a remains the 
only variable quantity in equation (9). Now the 
expression sin?a cos2a has its maximum value of 
0-125 for an angle equal to 30°, and it is thus 


_ 0-25A3V?r, 
8 een UP see e e e 


It wil be readily understood that to make this 
possible, the sbort-circuit power factor has to be equal 
to about 0-5, i.e. e = 60°. 

The squirrel-cage rotor has consequently to be of 
fairly high resistance, or a phase-wound rotor with 
starting resistances has to be used. With a squirrel- 
cage motor having cos $, = 0-5, the diagram shows 
that for maximum starting torque the reactance con- 
nected before the auxiliary winding becomes zero, and 
tbus a starting resistance in series with the main 
winding is all that is required. Fig. 6 illustrates this 


(10) 
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simplified arrangement. This of course makes the 
starting device much simpler and cheaper and it is 
therefore mostly used in its commercial application, 
even if its use with low-resistance squirrel-cage rotors 
entails a sacrifice of starting torque. With sho.t- 
circuit power factors higher than 0-5, this starting 


4 
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device with resistance only no longer gives the best 
possible results. If $,, = 30°, namely cos $, = 0-866, 
the maximum starting torque is obtained with only a 
reactance in series with the auxilary winding, the 
resistance then becoming zero. Slip-ring motors with 
much starting resistance in the rotor circuit give in 
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Equivalent secondary resistance 7; 
Fic, 8. 


consequence far better results with a starting device 
embodying a choking coil instead of resistance. 

The above deductions regarding starting devices 
incorporating resistance only or reactance only, are 
clearly illustrated in the curves shown in Figs. 7 to 10. 

Fig. 7 gives curves showing percentage starting 
currents and starting torques, plotted against the 
phase-displacement angle d,, on short-circuit, and 
Fig. 8 shows the same curves plotted against the total 
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secondary resistance. The constants used in preparing 
these curves are those of an ordinary two-phase motor, 
having Ze = 1-73; rj = 0:2; ro = 0:8. 

The resistance or reactance used in the starting 
device is always kept equal to the corresponding short- 
circuit impedance z,, or z,, = Rand «Pze = X. 


250 


150 


Starting torque, per cent 
Starting current, in amperes 


c = Starting torque with resistance starting 
f= * current « " u 
Ze * torque « reactance « 
A= » current « u 


5 2 
Short-circuit angle $ 
Fic. 9. 


Figs. 9 and 10 give similar curves but, for the sake 
of showing conditions with more or less constant 
starting currents, the arbitrary assumption has been 
made that the short-circuit impedance z,, remains 
constant and equal to 2-0, and both the short-circuit 
reactance z,, and resistance fT, vary accordingly. Here 
again the impedance of the starting device has been 
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I = " 
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kept equal to the short-circuit impedance of the respec- 
tive motor circuit, here constant at 2-0. The total 
rotor resistance has been assumed to be equal to 0-6 
times the respective short-circuit resistance 7. 

These latter curves have of course only an illus- 
trative value, as the assumed conditions are on both 
extremities a practical impossibility. 

Returning to Fig. 5, the geometrical sum of the 
two currents J, and 7, gives the total starting current J,. 
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It is represented in the diagram by the line OP,, and can 
be obtained analytically from the expression 


I= (It -- I; Hl,coa) . (11) 


It will be observed that for maximum starting 
torque on a squirrel-cage rotor, this starting current 
attains very high values. 

Taking a machine having the following constants :— 


Tse = 1-73; 7, = 0-4; r, = 0-6 
Tre = 0:4 +0'6 = 1:0 
Zee = A/ (1:732 + 1-02) = 2-0 
«cos e = 1/2 = 0:5 


Is = V[z,, thus for V = 100 volts, J,, = 100/2 
— 50 amps. 

Assuming the full-load current to be one-fifth ot the 
short-circuit current, which corresponds to actual 
practice, it amounts to J, = 50/5 = 10 amps. 

Now the input at full load in the motor is VI, cos à, 
and the output is VI; cos $9, where 7 is the efficiency. 
The full-load torque in synchronous watts is then 


T, = VIrcos dni ff) 


f being the line frequency and f, the frequency of 
rotation. 

With the chosen high-resistance squirrel-cage rotor, 
the value of cos $*«(f/f, will be approximately 0-6, 
hence 


T; = 100 x 10 x 0-6 = 600 synchronous watts. 


The resistance of the starting device connected in 
series with the main winding is taken to be equal to 
the short-circuit impedance z,, of this winding, i.e. 
R = 2-0 ohms. 

The total impedance of the main circuit will then be 


Z = Vx; + (re + R)? = 4/[1-73? + (1-0 + 2-0)?] 
= 93:4" ohms. 


When J, = 100/3-47 = 28-8 amps., cos ¢, = 3-0/3-47 
= 0-866, thus ¢, = 30°. 

As the auxiliary winding is connected directly across 
the mains, the current will of course be equal to the 
full short-circuit current of this winding 


we have 


I, = 100/2 = 50 amps., cos $4 = 1/2 = 0:5, 
$4 = 60° and a = ¢3 — $, = 30°. 
T,=2x A*xI,xI;xuxr, x sina 
2 x 0:925 x 28-8 x 50x 1 X 0-6x 0:5 
— 800 synchronous watts — 1-33 times full-load 
torque . 
I, —4/[560? + 28-8? + (50 x 28-8 x cos 30°)] 
= 76-4 amps. 
7:64 times full-load current. 


hence 


It is obvious that a starting current of such magnitude 
is not permissible and in consequence it follows that 
for squirrel-cage motors this starting device cannot be 
arranged to give maximum torque on starting. 

The usual problem therefore consists in finding the 
highest attainable starting torque with a given allowable 
starting current, which generally does not exceed once 
to twice full-load value. 

The transformer ratio u of the auxiliary winding to 
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the main winding offers a convenient means of solving 
this problem. As previously shown, the short-circuit 
current of the auxiliary winding is P,P, = V/(u%z,,), 
i.e. inversely proportional to the square of the trans- 
former ratio, and therefore increases with decreasing u. 
The starting torque, however, is directly proportional 
to u, as shown by equation (8). 

In Fig. 5, OP, represents the total starting current I, 
resulting from the two currents J, and 75, and the area 
of the triangle OP,P, is $J,J3sina, and proportional 
to the starting torque. 

The area of this current triangle is equal to the 
product of half the base line OP, and the height P,H 
of the perpendicular on OP, to point P,. Further, it 
is clear that for a certain area the length of the base 
line OP, is a minimum when the point H occurs 
half-way along it, and the triangle thus becomes 


Fic. 11. 


isosceles. The sides OP, and P,P, then assume the 
same magnitude, and J, = I, aud the starting-torque 
formula takes the form 


T, = 2A*J?ur, sina 


Now in a triangle with two equal sides, each of these 
sides is equal to the base line divided by 2 cos ja, 
hence 

I, 
i= Foos ja 

Substituting this expression in the expression for the 
starting torque and simplifying the trigonometrical term, 
the equation becomes 

T, = AIr u tan ja . (12) 

The relation of the transformer ratio u to the maximum 
starting torque for a given starting current does not 
lend itself to an easy analytical calculation. The 
graphical construction, however, gives a quick and 
simple solution of the problem. 

This has been done in Fig. 11 for the previously- 
mentioned motor for a starting current of twice full- 
load value, and with a starting device using resistance 
before the main winding only. 

The short-circuit current OP.. and the circle around 
centre M, are drawn as explained above. Now the 
value of the starting current J, is measured between 


the points of a pair of compasses and the arc OP} is 
drawn. By trial and error the rhombus OPj4Pg4L is 
completed, P,P, being, according to the assumption 
made, a line parallel to OP,, and of course equal to OP.. 
The circle with Mg as centre can then be drawn. 

As OP,,/P,P, = u?, where in this case the point P, 
is identical with P the transformer ratio is found. 
In the present example it is 2-13. The value of the 
resistance to be placed in series with the main winding 
will be R = r4,(DP/PC) = r,,(320/40) = 8 ohms. The 
power factor of the current in the main winding 
is cos ¢, = CD/OD = 0-982, hence ¢, = 11°, and 
a = ds — $4, = 00? — 11° = 49°, dg being equal to d,. 
The currents J, and J, are then J; = I, = I,(2 cos ła) 
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= 20/[2 cos (4 x 49°)] = 11 amps. 
obtained in the following way :— 


They can also be 


"LR y 
15 ZT VE (RA 
B 100 _ 100 1-9 am 
= Vt 732 + (1 + 8") 9-17 ps- 
y 100 
= —— = — ll , 
h= n PRIBXx$d3x2 — P 


The check is therefore satisfactory, the slight devia- 
tion being of course due to inevitable inaccuracies in 
the values obtained from the diagram. 

The starting torque then becomes 


T, = A??r.u tan ja = 0:926 x 20? x 0-6 x 2-13 x 0-456 
— 215 synchronous watts, 


which corresponds to approximately 36 per cent of 
full-load torque. 

This calculation has been repeated for other start- 
ing currents, and Fig. 12 gives corresponding start- 
ing torques and transformer ratios for the machine 
considered. 


(2 THE SERIES CONNECTION OF IMPEDANCES TO THE 
Two-PHASE WINDINGS OF A SLIP-RING MOTOR. 

As already explained, motors with wound rotors and 

starting resistances in the secondary will give a much 


168 LAUPER: THE STARTING OF SINGLE-PHASE INDUCTION MOTORS. 


higher starting torque than  squirrel-cage motors, 
especially when reactance is used before the auxiliary 
winding. The resistance in series with the main winding 


Fre, 13. 


is usually dispensed with, in order to make the starting 
device as simple as possible. 

The diagram of connections of this arrangement is 
shown in Fig. 13 and the vector diagram in Fig. 14. 


z ume a ee ee ee NE S - ep — — 
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The latter is similar to the arrangement previously 
discussed, but as in this case the stator current does 
not disappear when the rotor resistance is very large 
but becomes equal to the magnetizing current of the 
machine, the ordinary circle diagram of the single-phase 
motor forms the starting point. Therefore the locus of 


the primary current is a circle passing through the short- 
circuit point Psc and the magnetizing point Pm, OPm 
being the stator current with open-circuited rotor. 
The centre M, of this circle is the point where the 
hcr:zontal line bisecting PP cuts the bisector of the 
hne PpPsc. Dividing the ordinate P&4L so that 
P,-K/KL = rfr, and drawing a line KO, the point Po 
for an infinite value of f,/f is obtained and thus the 
line P&P. 

With a given current J, = OP, in the stator main 
winding, the corresponding total secondary resistance 
is proportional to the ordinate RB’, namely (R5 + ro) 
= RB’ 

Hence the resistance of the rotor starter is 


R ;, RA’ 
2 = AB 
Denoting by u the transformer ratio of the two 

stator windings, as the current in the main winding 

I, = Viz, it follows that the current in the auxiliary 

winding when the winding is connected directly across 

the supply is Z3 = V/(u?z) = I,v*. 

These two currents will of course be in phase, and 
P,PQ, representing this auxiliary current, will lie on 
the extension of the line OP, and be to a scale such 
that P,P, = OP,/u?. 

As OP, is also proportional to the total impedance 
of the main winding, P,P, represents the impedance 


14, 


of the auxiliary winding, namely w?z. The locus of 
the auxiliary current is a circle through the points 
P, and Py. Its centre Mg is found where the bisector of 
the line P,P, cuts the vertical erected on the point P}. 
If a choking coil of reactance X is connected in 
series with the auxiliary winding, its vector lies on a 


— — M Ó— —À 
wm o MEN 
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horizontal drawn from the point P, and its length is 
such that 
XP,P, 


PX = a 

A line connecting X with P, cuts the circle with 
M, as centre at the point P, and P,P represents the 
current I in the auxiliary circuit with an external 
reactance in series with the winding. The line OP 
now represents the resultant current of the two currents 
I, and J,, i.e. the total current J, taken from the line 
at starting. 

The phase-displacement angle a between the two 
currents J, and J, is “PP,Pq, hence the perpendicular 
PN from the point P on the line P,P, is equal to 
I4 sin a. 
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Now the vertical distance of the point Pi from the 


line P,P, is a measure of the term (I 9)? x (Ro + r9), 
and becomes a maximum for the point T where a tangent 
parallel to PnP, touches the circle having M, as centre. 

The angle a = ¢3 — ¢, is a maximum when the 
angle ¢, of the current in the main winding is a minimum. 
This happens when OP, becomes a tangent to the circle 
at the point S. 

Hence the maximum of the attainable starting torque 
with the use of resistance in a rotor starter and with 
a given transformer ratio u, lies between the two 
currents J, = SO and J, = OT, and can be obtained 
from the diagram. 

Here again, in practice the problem resolves itself 
into finding the highest starting torque for a certain 
permissible starting current. 


The line PN and therefore I, sin a become a maximum 
for an assumed current J, = OP, when P lies on the 
point the radius of which bisects the line P,P,. In 
this case P,P becomes equal to PqP, and as the ‘triangle 
P,PP, is similar to the impedance triangle P,P,X, the 
straight line P,X will also be equal to P,P. 

The condition for maximum starting torque with a 
given rotor resistance is therefore that the reactance X 
of the choking coil, connected before the auxiliary 
winding, is of the same magnitude as the total impedance 
u?z, of the auxiliary winding itself, that is 


XP, = P,P, 
Then J,sina = jP,P,tan a = I, tan a/(2u?) 
andas tana = tan(¢,—¢,), and AI, = I5 


the starting torque becomes 
T, = 2A*I Tyu(Re + ro) sina 
R; 
= 422 t rz iin an (ds — d) 
, R; = ro 
—I$———ltan(d, — 4 . (13) 


For this purpose a perpendicular on OP’ is drawn 
from the point P,, and is 


P,H " P’N’ 
OP, OP’ 
P’N’ Isina 
Hence P1H = OProp7 = " 3 1, 


The ratio of starting torque to starting current is 
thus a maximum when the line P,H is at its maximum. 
This happens when OP touches as à tangent at the 
point P’ the semicircle with centre Msg. 

The triangle OP’P, being similar to the triangle 
OPP’. it follows that 


OP’ OP, 
OP, | OP’ 
. I, m I d (Iv?) 
that is a = rper 
" I, = A/S, + Quy 
= ILU + 82] 


Therefore with a given starting current J, and an 
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assumed transformer ratio u, the current J, in the main 
winding is fixed by the formula given above and the 
line OP, can be added to the diagram. 

It remains to be discovered what transformer ratio 
will produce the largest starting torque for a given 
current. 

This has been ascertained for a normal motor having 
the following constants: 2, = 2:42; r= 0:30; 
r, = 0-326; Te = 0-625 ; z,, = 2-50. 

For a terminal voltage V = 100 volts, the short- 
circuit current becomes I,, = V/z,, = 100/2- 5 = 40amps., 
and its power factor cos hyp = r,Jz,, = 0-625/2-5 = 0-25. 

The no-load current Ig being 4 amperes, the mag- 
netizing current with open-circuited rotor will be 
approximately J,, = 2 amperes, and its power factor 
about cos dy = 0-15. 

To illustrate the method of calculation, the case 
for an assumed transformer ratio vu = 0-8, and a per- 
missible starting current equal to the full-load current 
I; = 10 amps., will be fully described. 

The circle diagram, Fig. 15, is now constructed. 
OP, = 2 amps. is drawn at an angle such that 
COS dm = 0-15, and OP,, = 40 amps. for cos ds, = 0-25. 
The centre M, is obtained in the usual way and the 
circle P,,P;.P,, drawn. The perpendicular P,,L is 
divided into P,.K and KL, P,K being equal to 
P:-L(rg/rse). A line through K and O gives the point 
P$ and thus the line P,P, is obtained. 

The starting current being 7, — 10 amps., the current 
in the main winding is 


~ (1-4 0.85] - 


and is drawn in the diagram as OP}. 

The vertical line P,B therefore represents the total 
resistance in the secondary circuit. The line RA'B' 
represents the same value to a bigger scale, and it is 


r) E RB’ 
= 9 A/B/ 
The rotor resistance being r; 


$7 0:325 ohm, the 
additional resistance in the starter is therefore 
R, = 14-075 ohms. 


The current in the auxiliary winding is now 


I, 6:25 
~ u? 0-8? 


(Ra + = 14-4 ohms. 


= 9-76 amps. 


and is represented by P,P, in the diagram. 

The centre Mg is obtained by bisecting P,P,, and 
the auxiliary circle can be drawn. 

Taking the value of the starting current J, = 10 amps. 
as radius, an arc is drawn which cuts this circle, and 
thus gives the point P with OP = I, P,P gives the 
value and the phase relation of the current J, in the 
auxiliary winding with series-connected reactance. Its 
extension cuts the horizontal line from the point P, in X, 
and PqX is the reactance X required in the starting 
device. 

A perpendicular from the point P to the line P,P, 
gives NP and is equal to 


NP = P,Psin / NB,P = Z,sina 
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The starting Rus is 


T, = 2A? I (R, + r,) sina 
= 2 x 0-920 x 6:25 x 2-85 x 0:8 x 14:4 
= 379 synchronous watts 


or about 54 per cent of full-load torque. 
This result can also be obtained in another way. 
AS already stated, the line P,B represents the term 


(15? x (Re + rg. Now the starting torque is 


T, = 2I5I su(Rs + r;) sina 
` T, = 2(Ig]Is) x u x sina x P,B 
Further, 
2(Is/15)u sin a = 2u(I3/I5) sin a = 2uPN/OP, 
hence T = 2uP,B x PN/OP, 
= 2 X 0:8 x 5:2 x 2-85/6-25 = 3-8 


or, for a terminal voltage V = 100 volts, 3:8 x 100 
= 380 synchronous watts. 


N 
For J, -2 times 7, 
Ve 


Starting torque, per cent 


0:2 04 0-6 0-8 


Transformer ratio, u 
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This calculation has been repeated for other trans- 
former ratios and also for different values of starting 
currents. The results are given in Fig. 16. It will 
be seen that for each value of starting current a different 
value of transformer ratio gives the best results, ranging 
from u = 0-8 for 7,— Iy, to u — 0:4 for J,= 4 times Ly. 
These values will of course vary somewhat for motors 
having constants other than those at present assumed. 


(3 THE PARALLEL CONNECTION OF IMPEDANCES TO 
THE Two-PHASE WINDINGS OF A SQUIRREL-CAGE 
MorTor. 


Instead of having the main and the auxiliary 
connected in parallel with the line and in series with 
their external impedances, as investigated under (1) and 
(2), the two motor windings can be connected in series 
on starting and shunted by their respective impedances. 
After running up, the auxiliary winding and the 
impedances are cut out and the main winding alone 
remains in circuit. The corresponding connection 
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diagram is shown in Fig. 17 for a squirrel-cage motor | 


with a resistance connected in parallel with the 
auxiliary winding. The impedance diagram for this 


system is given in Fig. 18, which is analogous to the | 


current diagrams already described. The calculation 
of this starting arrangement is performed in the same 
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way as that of the series connection under (1), except 
that it is more convenient in this case to use impedances 
instead of currents for constructing the diagram. The 
line voltage V is here separated into the two voltages 
across the individual motor circuits, according to the 
admittances of the main and auxiliary windings. 
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The construction of the diagram is as follows: The 
impedance z,, of the main winding is drawn to a con- 
venient scale at its proper phase angle, such that 
Z = OP, Then P,C represents the short-circuit 


resistance r,, and OC the reactance z,, on short-circuit. | 


The impedance of the auxiliary winding when equally 
distributed is again w?z,, and is drawn as P,P, in the 
diagram. Jf the power factors of the two windings 
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are the same, P,P, will prove to be a continuation of 
| the vector OP,. The locus of the total impedance of 
the auxiliary circuit lies again on a circle, the centre M, 
of which is the point where the bisector on P4P, cuts 
| the horizontal P,B. In the impedance triangle P,P4F 
of the auxiliary circuit, P4F is equal to its short-circuit 
resistance w?r,. The value of the starting resistance E 
shunted across this winding then lies on the continuation 
of PF, such that R = P4R. The line joining the 
point R to the point P, cuts the circle with M, as centre 
in the point P, and PP, represents the resulting impe- 
dance of the auxiliary circuit. Further, OP represents 
the total impedance Z of the motor circuits and the 
starting device. 

From the impedance triangle OP,P the voltages 
across the different motor circuits can now be read oft. 
If OP represents the line voltage V, then OP, represents 
the voltage V, on the main winding, and P,P the 
| voltage V, on the auxiliary winding. 
| The phase-displacement angle of the voltage V; 
is $3; thus the angle between the two pressures on the 
motor circuits is d,, — $4 =a. A perpendicular to 
| P4Pgqgives the line PN, and its value is V3sina = PN. 
To obtain the condition for maximum starting 
| torque, a perpendicular from the point P, to OP is 


erected. It is.then 
PL. PN’ 
ORB, ‘OP’ 
OP, X P'N' _ V,V3sina 
and P,L = aos a CES 


From equation (8) it follows that P,L is proportional 
| to the starting torque. Therefore P,L/OP, gives the 

relation of the starting torque to the current, OP, being 
equal to V4 = Iz. 

Further, P,L/OP, is the sine of the angle P,OP’. 

Now sin P,OP’ obviously becomes a maximum when 
the vector line OP’ is a tangent to the circle having 
M, as centre. In this case / OP'P, = / P'P4P,. 


Therefore 

OP. P,O 

— IL ? = P P 

OP, ^ OP and OP’ = 4/(OP, x P40) 
Now 
OP, = 2%, and P,O = OP, + P,Pq = te. + wu, 
Thus OP’ = 2z41/(1 + uv’) = Z 


The total impedance and the starting current of the 
machine are therefore J, = V/Z. 


Further, P'N' = V,sina, and as V, = Ie, it is 


| VV OP, x PN 
| 1*8. qu 
u?2 e IC d P,P, 


and the starting torque 


VV, ro 2 OP, x P/N’ 
T, = 2A2-1-3. a sin a = 2421,2 sie DONAT 
| a a” P,P, 


se 
A machine having the constants given under (1) has 
| been investigated for this kind of connection and the 
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results for different values of starting currents J, are 
plotted in Fig. 19. It will be observed that the maximum 
starting torque is obtained with a transformer ratio 
lying between the values of 0-75 and 1-0, depending 
upon the amount of shunted resistance R. In this case 


Starting torque, per cent 
Transformer ratio, u 


Times full-load current on starting 
Fic. 19. 


the value of the starting current is approximately 
4 times full-load current. 
If the maximum permissible starting current is given, 
the proceeding is explained in the following example. 
Take the motor previously investigated, having the 
constants z, = 1-73; r, = 0:4; r = 0-6; ree = 1:0; 


Fic. 20. 


Zæ = 2:0. It is required to ealculate the maximum 
starting torque for a starting current of twice full-load 
current, 

I, = V[z,, = 100/2 = 50 amps. 

I; = I,J5 = 10 amps. 
Then I, = 2 x 10 = 20 amps. 


In Fig. 20 draw OP, = Z% = 2, with a phase angle 
such that cos doe = r,Jz,, = 0:5. 
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The starting current J, being 20 amps., the total 
impedance Z required will be Z = V/I, = 100/20 
= 5 ohms. With this value as radiu. an arc OP is 
drawn. 

The transformer ratio giving maximum starting 
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torque under those conditions is obtained from the 
formula 


Z= Zs vV (1 T u?) 
or u= y[((ZHz2) — 1] = ./((5?[2?) — 1) = 2-29 


Thus the impedance z of the auxiliary winding is 
P Pq = uz, = 2-29? x 2-0 = 10-6 ohms. 

Bisecting PıPą the perpendicular to this line cuts 
the horizontal P,B in Mg, the centre of the circle P,PP.,. 
The arc cuts this circle in the point P. By joining 
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P and P, the phase-displacement angle a is obtained. 
Dropping a perpendicular from P to P,P,, the point N 
is found, and 

PN = V,sin a = 2:3 


The value of the resistance R shunted across 
the auxiliary winding is then R = w'z,P4R'/(P,P,) 
= 10°5 x 9-5/3-85 = 25-9 ohms, or 2-47 times the 
impedance z, of the auxiliary winding. 
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As OP represents also the line voltage V = 100 volts, 
the voltages across the different motor circuits are 


OP,—2-0; V,=VOP,/OP= 100 x 2-0/5-0=40 volts 
P,P—3:3; V= VP,P/OP=100 x 3-3/5-0— 66 volts 
PN =2°3; Vssina=VPN/OP=100 x 2:3/5-0—46 volts 


The starting torque in synchronous watts is 


T, = 24*V V, sin a (r;/(uz?)] 
= 1-85 x 40 x 46 x 0-6/(2-29 x 23) 
= 223 watts 


or approximately 37 per cent of full-load torque. 

Instead of a resistance R, a reactance X or a capacity C 
can be shunted across the auxiliary winding. The 
diagram for these arrangements is shown in Fig. 21, 
the chain-dotted lines of the left-hand side of the 
diagram referring again to the use of capacity. 

The starting characteristics of machines with both 
resistance and reactance starting devices have been 
calculated and the results, drawn with reference to the 
short-circuit phase-displacement angle d$,, are given 
in Figs. 22 and 23. In the first curve the motor 
reactance z, has been kept throughout equal to 1-73, 
and in the second the short-circuit impedance 2, 
remains constant and equal to 2-0. For both cases 
the transformer ratio is unity and the resistance R or 
the reactance X in the starting device is always equal 
to the short-circuit impedance 24 of the auxiliary 
winding. 

These curves are similar to those in Figs. 7 and 9 
for case (1) and they show again that for squirrel-cage 
motors the best results are obtained with a resistance 
starting device and a short-circuit power factor (cos de) 
of about 0-5. For slip-ring motors, having much 
higher power factors on starting, the reactance starting 
device, however, again gives better results. 

The conclusions arrived at in case (1), therefore, also 
hold good for this arrangement. 


(4) THE PARALLEL CONNECTION OF IMPEDANCES TO 
THE Two-PHASE WINDINGS OF A SLIP-RING 
MOTOR. 


The treatment of this case is analogous to that of 
(2) and (3), and therefore does not call for further 
investigation. However, for the sake of completeness 
an example will be worked out and some conclusions 
will be arrived at. 

Let us take the same motor the constants of which 
have been given in case (2), the connections of the 
windings being of course altered as shown in the 
diagram of connections, Fig. 24. The transformer ratio 
is now assumed to be u = 1:25, instead of 0-8. 

As mentioned in connection with the squirrel-cage 
motor, it is here again more convenient to use impe- 
dances instead of currents in constructing the vector 
diagram. As the motor under consideration is a slip- 
ring motor, this is done in conjunction with the ordinary 
circle diagram of the single-phase induction motor, for 
the reason previously given. 

Fig. 25 gives the vector diagram for the case in 
question. The circle diagram is first constructed in 
exactly the same way as already described, OP,, being 
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the magnetizing current I4 — 2 amps. with open- 
circuited rotor with cos $4 = 0-15, and OP, the 
short-circuit current JI,. = V][z,. = 100/2: 5 = 40 amps. 
with cos $,, = 0:25. The rotor resistance in terms of 
the primary is again r, = 0-325 ohm. 

Assuming a starting current J, equal to the full-load 
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Starting torque, per cent 


50 


0 


current Iş = 10 amps. and a reactance in parallel with 
the auxiliary winding, which, as will be shown later, 
gives here again the better results, the current in the 
main winding on starting is the starting current 
I, = 10 amps. and is drawn to the current scale as 
OP, in the diagram. 


Now the circle diagram has to be abandoned and in 
its place the impedance diagram used. 

OP,, representing the short-circuit impedance z,, of 
the main winding, forms the starting-point. The 
impedance of the auxiliary circuit is again equal to 
u’z,, and is drawn at the same angle as z,, or P,P, in 
the figure. Bisecting P,P, the centre Mg of the 
auxiliary circle is found in the usual way, lying on a 
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vertical on P,, which represents the use of reactance 
in the auxiliary circuit. The value of the shunted 
reactance X now lies on the horizontal P,X, and the 
line joining P, to X cuts the auxiliary circle in P, thus 
giving the resultant impedance P,P of the auxiliary 
circuit, and the total impedance Z of the motor circuits 
and the starting device is OP. 


. This result can also be obtained directly from the 
diagram, using the formula 


9 9.360 . 
—R. Noe. a 100 = 405 watts 
TEX 1-25 5 8:04 ar 


[^ 


Fre. 25. 


Maximum conditions are again attained when OP 
becomes a tangent to the auxiliary circle. 

A perpendicular on P,P, from the point P gives PN. 
As OP represents again the line voltage V = 1,Z, 
OP, the voltage V, and P,P the voltage V,, it follows 
that NP = V,sin a, $4 — $, being equal to the angle a. 

Therefore for V — 100 volts, 


V, = OP, = VOP,/OP = 100 x 5/8:04 = 62-2 volts, 
and 


V, sina = PN = VPNAOP = 100 x 2-36/8-04 
= 29-4 volts. 


Also, 2, = Vl, = 62-2/10 = 6-22 ohms. 

The vertical line P,B of course represents the total 
resistance in the secondary circuit and takes into 
account the difference between the circle and the 
impedance diagrams. 


43-2 5 
= 0.:325—— . —— = _ 5-82 ohms. 
TISS 7. 8-04 5-82 ohms 


The starting torque in synchronous watts is then 


VV ‘Ro + r; 
T, = 2A?-1-3 sin a ——— yas re) 
u 26 o 
62-2 x 29-4 5.82 
=e LC x 2 = = 406 watts 
85 X — T-Z 6-22 406 wa 


= approximately 68 per cent of full-load torque. 


The calculation for this motor has been worked out 
for various values of u and J,, both for reactance and 
resistance shunted across the auxiliary winding. The 
results are shown in Fig. 26, from which it will be 
seen that for slip-ring motors the reactance starting 


Reactance starting device 
Resistance " " 


Starting torque, per cent 


0 0:5 1-0 15 2-0 2:5 3-0 
Transformer ratio, u 
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device again gives distinctly superior starting torques 
for a given starting current. 


THE UNEQUAL DISTRIBUTION OF MAIN AND AUXILIARY 
WINDINGS. 

Up to the present the two-phase winding distribution 

alone has been considered, in which both the main and 

the auxiliary windings each occupy one-half of the 
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pole-pitch, and all the formulae and deductions so far 
obtained hold good, strictly speaking, only’ for that 
particular arrangement. 

However, as single-phase induction motors are usually 
rated at two-thirds of their polyphase outputs, the 
space necessary for accommodating the main winding 
is from 60 to 70 per cent of the pole-pitch, the remaining 
space being used for the auxiliary winding. The figure 
of two-thirds is probably generally adopted for the 
main winding; therefore the starting winding occupies 
the other third of the pole-pitch. 

In this case the rotor leakage is no longer equal for 
both main and auxiliary windings, but is greater for 
the latter. Consequently the phase-displacement angle 
$a between Es and Izis not necessarily equal to the 
angle between PR and I " 

Referring again to the vector diagram, Fig 3, we 
see that 

£ (900) = (90° + d — a) 
L (400, = (90° + d, + a) 

Therefore 
T = 0-707pN,k D 2 COS (I 20®,) + ®,,14 cos (1,00,,,)] 

= 0- 707pNjk,[G,I»(sin a cos dg — cos a sin 9j) 

+ ®,14(sin a cos da + cos a sin $4)] 
as 
cos (150 D) ^ cos (90? 4- $5 — a) sin a cos $,— cos a sin do 
and 
cos (1,0604) — cos (90? -- d, +a) =sin a cos $.44- cos a sin d, 


Further, 


E, E; 
EE 44f Nk Pn = 4-44f Ny, 
E, = I, E, = Iz, 
thus 
T = 0:707pN,k, 2 Io(sin a cos dy — cos a sin dj) 
4:44f Nik, : | 
pP yy | 
TAJN, 4(sin a cos $4 + cos a sin $0 | 


= m IjI,[z,(sin a cos d, — cos a sin dj) 
+ z;(sin a cos J, + cos asin d] 
and 


2 oof , 
i= UT = Isl,[z,(sin a cos h, — cos a sin 4) 


+ z,(sin a cos d, + cos a sin $4)] 
Now  1;— Al,; I,— Al3 and Is = Iu 
Thus I, = Algu 
s = A®I,I,u[z) (sin a cos $, — cos a sin ġo) 
+ z;(sin a cos d, + cos a sin ¢,)] 
cos fy = rfz,; sings = Tolza 
cos ha = rz, ; sin dy = xz, 


LA 4 LO 4 LENA LE 
| ZR Er zx. 2p 
— 42 1 42 24 4 2 2 
T, = A*I,L,u| sin (s 4+ a) — cos o( “£2 ; s) 
79 7 73 74 


and with 


Finally with J, = Vils, and Is = Vjz,,u* 


V.V zr zr. 

1"'3 ; 42 2 
T, = A? sin a | ŻE + es 
Z gc Tac, 2, z, 


From tests made with machines having a star-con- 
nected three-phase secondary, it has been found “that 
r, = 0-75r, approx. and x = z, approx. 

If the stator is wound three-phase, two of its phases 
in series forming the main winding and the third 
phase being used as the auxiliary winding, the trans- 
former ratio will be 


Nok 1 x 3o 1 
Ar: i. gece E LER c cun BTB 
Oe" NE 2x[y3m-] v3 


From the above formule it follows that zæ lz, will 
always be less than z{x,/z, and therefore the starting 
torque is less than that of equally distributed stator 
windings. 

An example will demonstrate this clearly. Let us 
take a three-phase machine, running single-phase and 
having the following constants : — 

Running winding, two phases in series, cz, = 1:0; 


r= 90:4; z, = 0-73; r, = 0-6; z, = 0:945; 
Eye, = T4 + T3 = 1:73; te, = +r = 1:0; 2,, = 2:0; 
cos hop = 0-5. 


The starting winding, one phase only, has 2:57 times 
as many turns as one phase of the running winding. 
therefore 


u = Nk N k; = 2-57 x 0:955[(2 x 0-827) = 1:48 
and | a = 4NGr, = d x 2:072 x 1-0 = 3-3 
r3 = Nr, = px 2-572 x 0-4 = 1:32 
ty = Nix. = 2:572 x 0-73 = 4-82 
r4 = ł x Noro = } x 2-572 x 0:6 = 2-97 
Lgey = X3 + 2, — 8-12 
Tsc, = f3 + r4 = 4:29 
Zs, = 9:18 
cos d, = rq 2,7, = 0:407 
zı = z, fu? = 4-82/1-48? = 2-19 
r4 = r,[u? = 2-97/1-482 = 1:345 
z4 = ACT + r£) = 2°57 
As in the previous examples, the full-load current, 
being one-fifth of the short-circuit current, is again 
10 amps., and the full-load torque is approximately 
600 synchronous watts. The resistance of the starting 
device connected in series with the main winding is 
again assumed to be equal to R = 8 ohms, and there- 


fore the total impedance of the main circuit is Z = 9-17 
ohms. 
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Thus 
I, = 10:9 amps. ; cos j, = 0-982 and ¢, = 11° 
I, = 10:9 amps. ; cos dg = 0-467 and $4 = 62° 10’ 
and 
a = ds — d, = 32° 10’; I, = 20 amps. approx. 
= 2I, 


T, = 0:925 x 10-9 x 10-9 x 1:48 


. 2-57 Xx 0:6 0-945 x e) 
2 E 532 ( 0-945 + 2-67 
2-57 x 0-73 0:945 x =) | 
0:945 2°57 


= 158 synchronous watts = 26 percent of full-load 
torque. 

For twice full-load current on starting the equally 
distributed main and auxiliary windings were found to 
give about 37 per cent of full-load torque. The unequal 
winding distribution therefore reduces to a very con- 
siderable extent the starting torque of squirrel-cage 
motors. With large starting currents this torque 
reduction is especially pronounced, whereas smaller 
starting currents do not greatly affect the starting 
performance. Starting currents larger than 2 to 3 
times full-load value are not usually employed, as the 
minor increase of the starting torque does not warrant 
their use. * 

With starting resistance in the rotor circuit the 
results are somewhat better, as r, and r, become large 


compared with z, and zj. The second term in the 


main bracket in the starting torque formula (14) will 
therefore be more or less negligible and the starting 
torques will be of the order of about 70 to 75 per cent 
of those obtained with two-phase stator windings. 

As the short-circuit admittance of the auxiliary 
winding is no longer l/u? times that of the main winding, 
Figs. 14 and 15 and the respective formulae: and deduc- 
tions no longer hold good for unequally distributed 
stator windings. The diagrams for both the main and 
auxiliary winding have to be drawn and the sum of 
the two unequal torques, corresponding to these two 
windings, will give the total effective torque on starting. 

This investigation also explains why low-speed and 
high-frequency single-phase motors give a rather poor 
starting performance with the winding arrangement 
detailed above. In such machines the inductance is 
high compared with that in high-speed and low- 
frequency motors, as their usually very low power 
factor proves conclusively. The second term in the 
torque equation therefore becomes more important and 
has a very detrimenta] influence on the starting per- 
formance of such machines. 

The above calculations do not agree very well with 
practice, on account of the effect of the additional 
reactance produced by the unequal winding distribution ; 
this cannot be even approximately predetermined. 

If an unequal winding distribution is employed, 
much more satisfactory results are obtained by using 
three-phase motors on single-phase and starting them 
with interlinked stator phases, such as are employed in 
the monocyclic starting system. 


— 0-847 x ( 


. MoNocvcric STARTING DEVICEs. 


(1) THE SERIES CONNECTION OF IMPEDANCES TO THE 
STAR-CONNECTED WINDINGS OF A THREE-PHASE 
Motor. 


This arrangement, first described by I. E. Hanssen,* 
gives good results for both squirrel-cage and slip-ring 


Fic. 27. 


motors. The diagram of connections for the former is 
given in Fig. 27. 

The three stator phases are star-connected. One phase 
is connected directly to the supply, the two other phases 
being connected in series with different impedances, 


Fic. 28. 


say a reactance and a resistance, to the second supply 
terminal. The full starting current J, flows in the. 
first phase and the lagging and leading components of 
this current, Jj and Ij respectively, are carried by 
the two remaining phases. The current diagram is a 


* Transactions of the American I.E.E., 1908, vol. 27, p. 373. 
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triangle, as previously explained in connection with 
Fig. 2, and the best results are obtained when both 
current components Z7; and Jy; are of the same 
magnitude, in which case the triangle becomes isosceles. 
The complete vector diagram of this arrangement is 
given in Fig. 28. In this figure OA = I, = J,, 
BA = Iņ and OB = Im. The lagging and leading 
current components being assumed equal, we have 


Ii 
2 cos B 


Iu = Im = 


If Zæ is the impedance of one phase and dj, the 
phase-displacement angle, both on short-circuit, the 
impedance voltage Ij;z,, = OC leads the main current J; 
by the angle ġe. The voltages in the two other phases 
respectively lag behind and lead OC by the angle $, 
and are drawn as OE = Iili Zs and OD = Iyz,. We 
also have OE = OD = OC/(2 cos f). 

As the voltage Ij, E across the starting resistance R 


Fic. 29. 


is in phase with J;;, its vector DF is a line parallel to 
AB. The reactance voltage Iir X, however, lags 90° 
behind the current Irr, and its vector EF is therefore 
at right angles to OB. The two lines meet in the 
point F, and the straight line joining this point with C 
represents the supply voltage V. 

The impedance diagram is given in Fig. 29. The 
short-circuit impedance z,, of phase I is drawn as OA 
at the angle ¢,,, and its continuation AB represents 
the short-circuit impedance z, of either of the two 
other phases II and III. From the point B are drawn 
the vectors of the two external impedances R and X, 
and we thus obtain the two impedances 


AD = Zu = (22. + (re + R)?] 
and AC = Zm = V[ (Xe + X) - r2] 


In symmetrical monocyclic systems Z,; and Z 1; are 
equal, but of course for any short-circuit power factor 
other than cos $,, = 0-707 the two external impedances 
X and R are unequal. 

These starting-device impedances can be calculated 


VOL. .65. 


from the following formule, which are easily derived 
from the diagrams : 


The two impedances Zr; and Zir being connected in 
parallel, the resultant impedance is found by bisecting 
AD and AC and erecting perpendiculars. They meet 
in the point G, and AG is then the resultant. A line 


connecting the point G with O gives the total impe- 
dance Z, of the motor and starting device. 
This total impedance can be obtained from : 


n [Ee n) 


2 
TTE 


Ld 


Starting torque, per cent 


For the starting torque of this arrangement, using 
first the formula T,= 2A4?lIywr,sina (8), where 


_ 2x3V3/2m) v3 


2 x 3/7 27 
following new equation is obtained :— 


and I,sina = I,tan D, the 


T, = /3A?l fre tan B, or, as AI, = Is 
T, = \/3(Ie)*r2 tan B 
In a three-phase motor B = 60° and the three 


(16) 


currents Iį, Ij and Jy; are all equal. Thus the 
well-known torque formula 
T, = 3(1yrs . (17) 


for these motors can easily be derived. 

With single-phase motors, in which the most common 
practice of using resistance and reactance in the starting 
device is adopted, the angle B is always much smaller. 
As is clearly seen from the diagrams, fj = 45° would 
require infinitely large impedances. The most favour- 
able value of f is generally around 30°. 

In practice the problem is usually to determine the 


12 
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most suitable starting device for a given motor, so as 
to obtain the maximum possible starting torque with 
a certain allowable starting current. 

It is evident that it is rather troublesome to solve 
such a problem for squirrel-cage motors by using the 
formulz and diagrams given above. As of course the 
rotor resistance of such motors is practically constant 
over the whole starting period, the starting current 
can only be regulated by altering the values of the 
external impedances. This means that the angle in 
the monocyclic triangle cannot be kept at its most 
favourable value of 30° and this complicates the calcu- 


lations. Therefore it is far more convenient to arrive 


at a solution by trial and error. Figs. 30 and 31 will be 
found very useful for this purpose and should enable 
the starting-device constants to be quickly and easily 
determined. 

As an example a star-connected three-phase squirrel- 
cage motor of the following phase-constants will 
be considered: z,4 = 1-73; 7 = 0:4; r,— 0-6; 
Tæ = 1:0; eye = 2:0; cos hee = 0:5. 

Running as a single-phase motor, two phases in 
series will form the main winding, therefore J,, = V/(22,.) 
= 200/2 x 2 = 50 amps., and I, — I,/5 = 10 amps. 
Further, the full-load torque of the motor will be 
T, = IV cos d = 10 x 200 x 0-6 = 1200 synchro- 
nous watts. 

. Assuming B = 30°, we have :— 


sin (60? + 30°) 
cos (2 x 30?) 
cos (60? — 30?) 


R—2x2 sin 30° = 4 ohms 


X =2 i ° = 3- 
and xX 2 cos (2 x 30°) sin 30 3:46 ohms 
Then 

394-4 1:73 -7 
z= || ( (=o. 578) £ (9578 uo. 578-27) " 
2 2 2 
— 5-04 ohms 

Therefore 


= V/Z, = 200[5-04 = 39-7 amps. = 4 times I, 
n = In = Iu (2 COs B) = 39- 7[(2 COS 30°) = 22. 9 


amps. 
= 4/3 x 0-925 x 39-7 x 39:7 x 0-6 x 0-578 
= 877 synchronous watts 


= 73 per cent of full-load torque. 


As a starting current as large as nearly 4 times 
full-load current is usually not admissible, greater 
external impedances have to be employed, causing f to 
be greater than 30°. 

Taking B = 39°, we have: R = 12 ohms; X = 11-8 
ohms and Z, = 10:4 ohms. Further, J, = 19:2 amps. 
— 1:92 times Ir; In = Jy = 12:3 amps.: and 
T, = 286 synchronous watts = 24 per cent of full-load 
torque. 

These calculations have been repeated for different 
values of B and Figs. 30 and 31 show the results 
obtained. The short-circuit power factor has been 
kept throughout equal to cosd¢,,= 0:5; for other 
values of cosd,, the results vary accordingly. In 


Fig. 30 both starting current and torque are in terms 
of the monocyclic angle B. Also the curve TI, of 
the specific torque is given and it will be noticed that 
it attains a maximum for B = 30°, which proves this 
value to be the most favourable one. The same results 
are redrawn in Fig. 31 in terms of the starting current. 
These latter curves will be found rather handy for 
design purposes, as they quickly give the possible 
starting torque and the necessary angle B for a certain 
starting current. By means of the latter the values 
of the external impedances can then be easily calculated 
from the formula. 

For this starting system ¢,, = 60° does not give 
maximum values for the starting torque, and thus 
differs from the case with split-phase devices. In fact 
the higher the short-circuit power factor cos $,, of the 
motor is, the better are the torques obtained on starting. 
However, cos dg, = 0:5 is generally as high a value as 
is consistent with the efficiency requirements and the 
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rotor heating of standard machines, and this value 
has therefore been used in the present investigations. 

From these curves it will also be seen that this 
monocyclic starting device used with squirrel-cage 
motors does not give quite as good results as the split- 
phase starting of two-phase wound machines. For 
high starting currents the difference is small, but it 
becomes more pronounced the lower the current values 
are on starting. Nevertheless these systems possess 
undisputable advantages and their performance during 
the running-up period is better, as will be seen later. 

For slip-ring motors the method of calculation is 
the same, but the circle diagram of the motor has 
again to be taken into consideration. An example will 
illustrate this best. 

Let us take a star-wound, three-phase slip-ring motor 
having the following constants: £e = 1:8; r4 = 0:4; 
r, = 0:475; Tee = 0-875; Zæ = 2:5; COS Pee = 0-35. 
For a terminal voltage V = 200 volts, the i 
current becomes 


I, = 200/2 x 2-5 = 40 amps. 


es e 
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The magnetizing current J,, with open-circuited rotor 
is assumed to be 2 amps., and its power factor 
cos Ém = 0-2. 

Taking the full-load current to be 17,, = 10 amps., 
the full-load torque will be approximately 


T; = 10 x 200 x 0-6 = 1 200 synchronous watts. 


Choosing a permissible starting current equal to the 
full-load value, we have J, = Iş = 10 amps. 

The total impedance of motor and starting device 
has therefore to be Z — 200/10 — 20 ohms. 

For shp-ring motors the formula (15) for Z cannot 
very well be used in its present form and we have to 
employ an expression for Z obtained from Fig. 28, 
namely 


E ANRE + HÉ (sin 28 + sin 26w) } 


ES (sage Bee B cos sank oes tee" ] 


cos 28 (18) 


The angle d, here refers to the short-circuit power 


factor with starting resistance in the rotor circuit. Its 
value is not yet known, but is obviously smaller than 
the one for cos se = 0-35, as given above. As its 
influence in formula (18) is not very great, a likely 
value can be assumed and later verified by calculation. 
For the present case, taking d, = 25°, it is 


' Xe: 


The circle diagram, Fig. 32, is now constructed in 
the manner previously explained. 

As this diagram is, however, drawn for the main 
winding, consisting of two phase windings of the star- 
wound stator, and as Z, refers only to the short-circuit 
impedance of one phase, the primary current J; has to 
be calculated with twice the value of z,,, therefore 


2 x 20 
tan 30? 
cos 2 x 30? x 30? 


OP = 5> =z Zg = 12:35 amps. 


For this current the additional rotor resistance is 
obtained as follows :— 


RB R' +r 12 


AB rn 07 ds 
in which r, refers to one phase only of the three-phase 
rotor winding. Therefore (R’ + r3) = 16-2 x 0-475 
= 7-7 ohms. 


The assumed value of ġe can now be checked from 
the diagram. In the present case the actual value is 
found to be for all practical purposes the same. Further, 
the relationship of the rotor current to the stator 
current can be derived from the diagram as follows :— 


, PrP " 
Als = I» = 0:9141, and Io = 0-941] 


and the starting torque becomes 
T,—4/3x (0:9411)? x (R'+r,) tan B 


—4/3x(9:4)? x 1-7x0:578— 680 synchronous watts 
= 56 per cent of full-load torque 


2 
— ILL (sin 2 x 30° + sin 2 x 25°) } $ (m 
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The external impedances are calculated in the same 
manner as in the case of the squirrel-cage machines, 
namely 


X= Ces 2) sag 
cos 2B 0-808 
= 2x 8:1 x —— x 0-5 = 13-1 ohms 
R a 22, SP (Ce +P) in 
* cos 28 0-992 
= 2x 8-1 x- x 0-5 = 16-1 ohms 
I 10 
reires ge 
n= “Ul yx cosB 2 x 0-800 se 


The starting torques for other starting currents are 
as follows :— 


I, = 0-751; . . . T, = 45 per cent of full-load torque 
i= 1p... T, = 56 per cent of full-load torque 
I,= 1-5 Ij... T, = 76 per cent of full-load torque 
I,=2 I,y... T, = 85 per cent of full-load torque - 


It will be noticed that for slip-ring motors the 
opposite to squirrel-cage machines holds good, viz. 
that with lower starting currents the series monocyclic 
system gives better starting conditions than the split- 


19] 5 h 
tan 30? cos 2 x rag] aTa eee 


cos 2 x 30° 


phase arrangement of two-phase wound machines, 
whereas the reverse is true with higher values of starting 


currents. 


(2) THE PARALLEL CONNECTION OF IMPEDANCES ACROSS 
THE STAR-CONNECTED WINDINGS OF A THREE- 


PHASE MOTOR. 


The system of shunting various impedances across 
the windings of a three-phase motor was originated by 
Prof. C. P. Steinmetz and was thoroueliiy treated by 
him in several very interesting papers.* This subject 
will therefore be only lightly touched on in the present 
paper. 

Fig. 33 shows the diagram of connections of a slip- 
ring motor embodying this arrangement. The impe- 
dances used are assumed to be resistance and reactance, 
as these again are most extensively employed in practice. 

In this case again it is preferable to choose such 
values for the shunted impedances that the monocyclic 
system becomes symmetrical. In this case the currents 
I; and Ij; in the two motor phases I and II forming 
the main winding are out of phase with each other, 
as the geometrical sum of the currents Ij and J, in 
the shunted reactance X, has to equal the geometrical 
sum of J; and J, in the parallel connected resistance R. 
With the present assumption J; will lag behind Zy; and 
thus J; and Ij will also act in quadrature to the main 
axis. The current Jj; in phase III, being the geo- 
metrical difference between J; and Tr, constitutes the 


hd anes et the American I.E.E.,1898, vol. 16, p. 35; and 1900, vol. 17, 
p. 25 
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teaser circuit and produces the cross-field during the 


starting period. 
Fig. 34 gives the vector diagram of this arrangement. 


If OA is equal to the terminal voltage V and therefore 
also to the product of the starting current J, and the 


R 


qI—MMMMeeee-- 


ance X have therefore to be of such magnitudes as to 


close the diagram. 
It is at once apparent from the diagram that the 
best conditions are obtained with a symmetrical mono- 


cyclic system. As the component Zjr2,, alone comes 


P d 
ed 
-—— — — 


| a 
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total impedance Z of the motor circuits and starting 
device, ie. I,Z, the voltages across the two motor 
main phases I and II of a short-circuit impedance Z,e 
will each be represented by the vectors OB = I1)2,, and 
BA = Ij;zg,. The voltages on the external impedances 
X and R are shown vectorially by OE = 1,X and 


Fic. 33. 


EA = I,R, and their geometrical sum is of course 
again equal to the terminal voltage V. The line BE 
therefore represents the teaser voltage Ijjz,, on the 
motor phase III and is the geometrical difference 
between I112,, and Izę, as suggested by the graphical 
construction and obtained as BF = BE in the diagram. 
The pressures on the shunted resistances R and react- 


into consideration for the flux in quadrature with the 
main flux, the smallest current J}; is required when 
the teaser voltage (represented by BF) is perpendicular 
to the supply pressure (represented by AO). In this 
case the currents in the external impedances X and R 
also become a minimum. To get this 90° phase dis- 


B 


Q` ee Se 
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placement the two currents J; and Iņ; have to be equal 
and their voltages have to form an isosceles triangle 
with the supply pressure as base OA. Consequently 
also the vectors J,R and I,X have to be equal and will 
both form with OA the angle B. As MB = $BE it 
follows that the tangent of the angle MOB is equal to 
one-third of the tangent of the angle f. 


= ae  -— ee ë 5 — € Ee ey 
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In the current diagram the vectors representing the 
currents Jj; and Z; in the main windings are drawn 
as OS and OT, lagging by the short-circuit phase- 
displacement angle d, behind their respective voltages 
Ij, and Ijz,. A line joining S to T represents the 
teaser current Ij in the third motor phase. The 
current I, in the external reactance X, lagging by 90? 
behind J,X, is a linedrawn perpendicular to OE through 
S, and the current J, in the external starting resist- 
ance R, being in phase with the voltage J,R, is a line 
drawn from T parallel to AE. Where J, and I, meet 
in the point Q the vector OQ can be drawn, representing 
the resulting total starting current 7, of the motor and 
the starting device. 

The transformer ratio u in this case is 


3hr ] 
~ 2x 34/3/ (2r) 7587/8 


Starting torque, per cent 
Times full-load current on starting : 


For the starting torque we get, from formula (8), 


r2 
sc 


Further, V, is equal to the supply voltage V = OA, 
V4sina = BE = OA x j tan B = 4V tan 


sina 


and 


As in this formula z, and ss refer to the total values 


in the main and auxiliary cut whereas ordinarily 
they are understood to be for one phase of the three- 
phase motor only, their double values have to be 
substituted in the new expression 


2 2y2? r. 

T, = 243V x JV tanB 2... 2 V^ n 

u(22,,.)? v3 z 

In a three-phase motor f is 60? and therefore 

tan B = 4/3. The voltage per phase is then V, = VI3 
and the formula takes the well-known form :— 


, 
E 


(19) 


T, = 3A2V;— 

A 
As in the previous arrangement, the angle f in 
single-phase motors cannot be greater than 45? and the 


best results are again obtained with B = 30°, as can be 
seen from the maximum value of T,/I, in Fig. 35. 
From the vector diagram, Fig. 34, the following 
expressions are deduced :— 
ST = Im = V tan B 
32, 


sin ((90° — 28) + (90° + B — gso)! 


TQ = 4, = Im sin (90° — 28) 
2 Sit (B + dec) 
n cos 28 
B sin (90° + B — dee) — cos (B — Puo) 
SQ = I; = hu ~ sin (90° — 28) _ = fin cos 28 
V 
fos 2R cos B 
thus l 
B cos 28 " Sc —— 
~"“* Bsin Bsin (B+¢,.) tan2f(tan Bcos Pye + sin by) 
xu V 
7 2X cos B 
thus 
al cos 28 Je 


*^2 sin B cos (B— dee) ~ tan 2 B (tan B sin dse + cosse) 


OQ =], ENEE + ER. sin 2¢4e + sin 2B ) 2 


COS |. ceos  — 


f tan B cos "end + cos 2: ) ls 
+ H 3 — u |. cos9B  — d 


Take again as an example the previously mentioned 
three-phase squirrel-cage motor, having the follow- 


ing constants: £e = 1:73; r,— 0:6; r —0:4; 
Tro = 1-0; 2,,2 2-0; cos f, = 0:5; Pye = 60°; and 


I, = 200/(2 x 2) = 50 amps.; Jy = I,J5 = 10 amps. ; 
T, = 10 x 200 x 0-6 = 1 200 synchronous watts. 
If we assume f = 30°, we have 


Vtanf 200 x 0-578 


Iun = S MGE CE MM 19-3 amps 
I, = liu TT = 19. TUPLE = 38:6 amps. 
Lm a Ee uae gd T S tamps, 
32 c 
^ tan 2ß (tan B cos Pye + sin Pec) 
3x2 
— tan 60*(tan 30? cos 60° + sin 60°) 
= 3:0 ohms, and J,R = 115-8 volts 
x= 32,c 
. tan 2f (tan f sin dye + cos Poe) 
3x2 
— tan 60° (tan 30° sin 60° + cos 60°) 
= 3-47 ohms, and J,X = 115:8 volts 
2 
en eee (14 tan a 


D 


90 
P NC 
2x2 


tan? 30° 


) = 25:45 amps. 
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200 lt E tan ae sin 120° + sin 60°)? 
a “ox 2 cos 60° 
tan 30° " à cos 120° + cos 60°\) |] 
3 cos 60? h 


= 83:75 amps. = 8-375 times full-load current. 
y? 200? 0-6 
— 44 o 
T,= A 73` 2 ang =o : 9025 V3 X 7 tan 30 


= 1l 852 synchronous watts = 154 per cent of 
full-load torque. 


This calculation has been repeated for various values 
of B and the results are shown in Fig. 35. 

It is obvious that this arrangement is not suitable 
for use with squirrel-cage motors. The starting current 
will always be greater than the short-circuit current of 
the machine and will therefore never be admissible in 
practice. This could be remedied to some extent by 
starting the motor star-connected and afterwards 
running it in delta, but the starting current would 
still be too high and as the additional gear would also 
make this system more complicated and expensive, 
the series monocyclic system already described is 
generally used in conjunction with three-phase squirrel- 
cage motors. 

For slip-ring motors, however, the parallel connection 
of external impedances gives better results. The 
calculation is analogous to that of the preceding system 
and an example is given below. 

Consider the same star-connected slip-ring motor 
possessing the following phase constants :—2,, = 1:8; 
r= 0-4;  r,— 0:475;  f,,— 0:875; 2, = 2-5; 
cos doe = 0-35. The short-circuit current with a ter- 
minal voltage V = 200 volts will be Z,, = 200/(2 x 2-5) 
= 40 amps. The magnetizing current with open- 
circuited rotor is Im = 2 amps., and cos $4, = 0:2. 

The full-load current is approximately }/,,, or 
10 amps., and the full-load torque T, = 10 x 200 x 0-6 
= 1 200 synchronous watts. 

Adopting a PELE starting current of full-load 
value, i.e. I, = 10 amps., the total impedance of the 
motor and shunted starting impedances must be 
Z = 200/10 = 20 ohms. 

From formula (20) we have, using for ¢,, the pre- 
liminary value of 25° :— 


"uL C8 
«n 


tan sin 29, +sin 28) 2 
|^. cos? —— 


cos 2B y 
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The circle diagram of the motor is then constructed 
in the usual way. Further 


V (1 at tan? P 
ace 9 
200 i 


^ 2 x 16-48N 


Entering this value in the diagram the additional 
resistance in the rotor circuit is easily obtained, viz. 


RB R tr 16 
AB or, 
R’ +r, 


OP = 


tan? 30? 
A) - 6-18 


= 32 


Therefore = 32 x 0-475 = 15-2 ohms. 


From the diagram d, is found to be equal to 25-4°, 
which agrees very closely with the assumed value. 
The starting a is then 

o V2 R 2002 


—— 2 tan B= 0-925— 
Pa zm v 3 


— 691 synchronous watts 


15-2 
535. 16.48 9 578 


= 57-5 per cent of full-load torque. 


The external impedances are 
" des 
— tan 2f (tan B cos Pse + SIN Pee) 
3 x 16-48 
~ tan 60 (tan 30° cos 25" + sin 25°) 
= 32 60 
tan 2B(tan B sin d, 


= 30:2 ohms 


+ cos $c) 
_ 3 x 16-48 
— 1:73(0:578 x 0:423 -; 0:906) 
and the currents are 


= 24-7 ohms 


r 727 3095 Ose ^ SAU 


Le = = sos TAM 
z = 2X cosh 2x 24-7 x 0-866 pa 


For other starting currents the starting torques are 
approximately :— 


I,— 0:751; . . . T, — 46 per cent of full-load torque 
I, = Ip... T, — 57 per cent of full-load torque 
I1,-— 1:5 Ip... T, = 90 per cent of full-load torque 
1,—2 Jy... T, = 117 per cent of full-load torque 
1,— 3 Iş... T, = 180 per cent of full-load torque 


The parallel monocyclic system thus gives, for higher 
values of starting currents, better starting torques than 
the previously investigated arrangement. 
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SUMMARY. 

After an introduction defining the scope of trunking, the 
ideas “‘ traffic unit” and “ grade of service” are investi- 
gated in some detail. The history of trunking is touched on 
briefly, this Section terminating with a description of the 
means provided in modern exchanges for connecting one 
rank of switches with another. The traffic-carrying capacity 
of switches under the “ full availability °’ condition leads to 
a consideration of the possible methods of trunking when 
the availability is '' limited." The particular method called 
“ grading " is described in detail and the traffic capacity of 
various grading arrangements is investigated. The effect of 
changes in the distribution of traffic is next considered, and 
then information is collected regarding the design curves 
used by the Post Office. The paper closes with a description 
of the methods adopted in the Post Office for measuring 
trafic and traffic overflows, and of the use made of these 
measurements. 
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(1) INTRODUCTION. 


Recently (10th March, 1926) the 50th anniversary of 
the invention of the telephone has been celebrated in 
America, and celebrations in this country occurred a 
few weeks later.* In the wonder and admiration at 
the magnitude of the achievement which have been 
revived by the anniversary there is little recognition of 
the fact that the telephone would have remained scarcely 
more than a wonder, and of limited practical use, had 
it not been for later inventions which made possible, 
first, the rapid connection of one telephone circuit with 
any other, and second, the establishment of a large 
number of simultaneous connections. In many quarters 
the latter possibilities are assumed to be natural develop- 
ments of the first, but to the author the work which 
made them realities is of only slightly less importance 
than the original work of Alexander Graham Bell. 

With the first of these developments—the connection 
of one subscriber with any other—we are not at the 
moment concerned directly, though, as will be seen 
later, we are so indirectly. The second lies at the root 
of the whole of the problems with which this paper 
deals, namely, the problems which collectively make up 
the science and art of trunking. Broadly, then, trunk- 
ing may be defined as that branch of telephony which 
has for its origin all those problems arising when more 
than one telephone call has to be provided for at one 
time. A more restricted and practical definition is 
possible when automatic telephony alone is under 
consideration, but before passing to this a short ex- 
amination of the principles of telephony from this 
point of view is desirable. 

Soon after the invention of the telephone it became 
apparent that for the invention to be of real value, 
arrangements must be made for anyone possessing a 
telephone (subscriber) to be put in communication, on 
demand, with any other subscriber. When the tele- 
phones are in the same building, or at any rate very 
close together, this may be done by means of inter- 


* See Journal I.E.E., 1926, vol. 64, p. 1093. 
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communication systems, but in the general case the 
telephones are connected to central points called ex- 
changes, the location and size of these exchanges being 
determined chiefly by economic considerations, and the 
exchanges themselves being connected with one another 
by junction lines. In the smallest exchanges sufficient 
plant is provided to allow all subscribers to be using 
their telephones at once. Thus, in single-cord boards, 
each subscriber’s line is terminated in a cord and a 
jack, and thus as many conversations may take place 
simultaneously as there are pairs of subscribers. But 
in larger exchanges it is found that, gencrally speaking, 
only a small proportion of subscribers wish to use their 
telephones at any one time. It follows that inter- 
communication arrangements based on a recognition of 
this fact will be sufficient, and it is probably on this 
account that telephony on a large scale has become 


Subscribers’ pre-selectors 
Local subscribers 


Dialling-in exchanges 


Satellite " | 


There is some difference between the methods of 
handling traffic in manual and in automatic exchanges. 
In a manual exchange a local call is usually dealt with 
in one operation and a junction call in two operations. 
Thus an originating call is received by an operator 
who connects the caller directly into the multiple of 
the called subscriber if the call is local and the required 
subscriber disengaged. If the call is to a subscriber on 
another exchange it is extended over a junction to this 
exchange and completed by another operator at the 
distant exchange. In this case it may happen that the 
call is ineffective, even when the required subscriber 1s 
free, because all the junctions to the distant exchange 
are busy. If the area contains several exchanges, 
however, it may be possible, under these conditions, to 
complete the call through a third exchange to which 
both terminal exchanges are connected. In some ex- 


S € = 20d selectors 
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Z0 To4 000 2"4 selector group Phonograms 
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" a 3 000 Ld — —— "' final , T Scribers' 
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To other final 
selector units 


Fic. l.—Tvpical trunking diagram of non-director arca. 


practicable. Certainly the economics of the industry 
would have been vastly different if the average subscriber 
had been other than a small user. 

In the opinion of the author, this phase of telephony 
has never been sufficiently emphasized in the literature 
of the subject. It seems to be assumed that when 
once an explanation has been given of the circuits 
involved in putting a call through from one subscriber 
to another, the bulk of telephone practice has been 
covered. Tacitly it is presumed that a multiplication 
of these circuits is all that is required to enable all 
subscribers who wish to make calls to do so. Regarded 
purely as a physical possibility, this is probably true. 
As an economic possibility, however, it is certainly not 
true, because the cost of provision on these lines would 
be prohibitive. 

An essential branch of the science of telephony must 
therefore be a study of the demands which subscribers 
make on the telephone administration, that is of tele- 
phone traffic in bulk and in detail. A study must then 
be made of the most economical ways of handling that 
traffic. 


changes there is no multiple on the “ A ” positions, and 
a local call is then handled by two operators like a 
junction call. Again, some exchanges are not con- 
nected by direct junctions, and calls between them 
must pass through some intermediate exchange. Such 
cases, although numerous, are exceptional and, broadly 
speaking, it is true to say that a local call can alwavs 
be completed if the required subscriber is disengaged, 
while in a junction call there is a possibility of the call 
failing because all the junctions to the required exchange 
are unavailable (including junctions on alternative 
routes). That is, so far as the operating administration 
is responsible, there is no place where a local call can 
fail, and one place where a junction call may fail. There 
is, in addition, the slight possibility of a call failing at 
the “ A ” position because no cord circuits are available, 
but this is so small that it can be neglected. Further, 
calls may suffer delay at the “ A " position, because the 
operator is busy, and at times of exceptional pressure 
this delay may be so great as to cause some calls to be 
abandoned. 

In an automatic exchange the call is not completed 
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in this direct manner. Taking a Strowger 4-figure 
exchange as an example (see Fig. 1) it will be seen that 
the call proceeds by a series of steps. In the first 
place, when the caller removes his receiver his pre- 
selector hunts for a disengaged Ist selector. On his 
dialling the first digit, the Ist selector steps up to the 
corresponding level and then hunts until it finds an 
idle 2nd selector. On the receipt of the second digit 
the 2nd selector rises and searches for an idle final 
selector, which in tum responds to the third and fourth 
digits. 

In this comparatively simple case it will be seen that 
there are three places at which calls may be “ lost ’’ or 
delayed—apart from the possibility of the required 
subscriber being actually engaged. These are (1) be- 
tween pre-selectors and Ist selectors, if all the Ist 
selectors available to a particular pre-selector are 


conditions. Regarding the matter from the standpoint 
of the operating administration, it should be remem- 
bered that although calls may fail on the first attempt 
owing to shortage of switching plant, the great majority 
of such calls will be repeated after a short interval by 
the caller just as in the case of busy calls on a manual 
exchange. The revenue is therefore not altogether lost. 

In Fig. 2 a more complicated exchange in a director 
area is illustrated. A careful examination of the diagram 
will show that the complexity is purely one of size—the 
principles followed in handling the traffic are exactly 
the same as in the simpler case in Fig. 1. 

Considered with reference to such a trunking scheme, 
the branch of automatic telephony called trunking may 
be defined as the method of calculating the amount of 
switching plant (internal and external) required to carry 
the traffic under all the various conditions occurring in 
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Fic. 2.—Extract of trunking diagram 


engaged; (2) between Ist and 2nd selectors; and 
(3) between 2nd and final selectors. In the first of 
these cases hunting is continuous, so that a subscriber 
can always be connected to a Ist selector provided he 
waits long enough; the case is thus analogous to a 
subscriber waiting for the operator to answer in the 
case of a manual exchange. In the other cases, hunting 
is not continuous, and the call fails if all the available 
switches are engaged at the moment of testing. The 
difference between the manual and automatic method 
of handling traffic is thus very marked. Although at 
first sight this may seem to be a disadvantage of the 
automatic system, it should be borne in mind that the 
proportion of calls lost due to shortage of switching 
plant may be made as small as desired and in practice 
is always very much smaller than the loss due to the 
required subscriber being engaged. From this point of 
view, then, it is unlikely that the subscriber will ex- 
perience any difference in his service under automatic 


of Bishopsgate automatic exchange. 


practice, to provide, arrange and cable this plant in 
such a way that not only is its traffic capacity a maxi- 
mum, but it can readily be extended or re-arranged as 
the traffic conditions change. As a corollary to this it 
includes the measurement of traffic and traffic overflows, 
and is also concerned with subsidiary but very important 
matters such as the tracing of calls through an exchange, 
and the provision of records showing the amount and 
arrangement of the switching plant 

It is the object of this paper to say something about 
most of these phases of trunking and especially to 
describe the way in which trunking problems have been 
handled by the British Post Office, and the present 
practice of that Department. 


(2) EXPLANATION OF TERMS. 


Since trunking is so largely concerned with traffic, it 
is necessary to investigate the nature of traffic before 
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trunking problems can be effectively solved. But as 
the basic ideas, such as busy hour, are dealt with in 
textbooks and are well known, there is no need to 
enlarge on these matters. It must, however, be pointed 
out that in automatic telephony the holding time of a 
call is of equal importance with the number of calls so 
far as the amount of switching plant is concerned. 
This will be obvious when it is recollected that most of 
the switching plant in an automatic exchange is in use 
throughout the duration of a call. For this reason the 
British Engineering Standards Association have stan- 
dardized a term—the “traffic unit "—which combines 
the conception of the number of calls with their average 
duration. Curiously enough the B.E.S.A. do not give 
a definition of the traffic unit—they merely state how 
to find the number of units in any given volume of 
traffic, and then give some auxiliary meanings to the 
number so found. The best way of defining the traffic 
unit as such is to say that it is “ the amount of traffic 
which one switch or circuit carries in an hour when it 
is continuously occupied." It follows immediately that 
the amount of traffic actually carried by any switch is 
the measure of its effectiveness. If we find, for instance, 
that a particular switch is carrying only 0-4 traffic unit 
during the busy hour we know at once that the switch 
is only in use for 40 per cent (or 24 minutes) of the busy 
hour. Whether or not there is any way of increasing 
this proportion in any given case is immaterial for the 
moment, but it is convenient, if not essential, to know 
just what the switch is carrying as compared with its 
absolute maximum. 

The actual definitions and subsidiary meanings given 
to the traffic unit by the B.E.S.A. are given below.* 


“ Telephone Traffic Unit. 


“A unit employed in computations for the traffic- 
carrying capacity of telephone plant. 


** If A be the traffic units 
C be the number of calls in a specified period (the 
busy hour unless otherwise stated) and 
T be the average time, expressed as a fraction 
of the specified period, taken for a call, then 
A=Cx T. 
“ The value of A may be regarded as representing :— 

(i) The total circuit time occupied in carrying C 
calls of an average duration T. 

(ii) The average number of calls originated during 
an interval of time T' within the specified 
period. 

(ii) The average number of calls in progress 
simultaneously during the specified period." 


Of these subsidiary meanings the first is really a 
re-statement of the definition. The second follows at 
once, because, if the number of calls originated in 
one hour is C, the average number originated in a 
period equal to the holding time (7' hours) is C x T, 
that is A. The third meaning can be obtained as 
follows: Let the number of simultaneous calls at any 
instant be N. Then the average number during a 


* See B.S.S. No. 204—1924 ; definition No. 9832. 
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period of time P (hours) is z Ndt, t being expressed 
-0 
in hours. If P is taken equal to 1 hour, then the 


1 
expression becomes f at; this is clearly equal to 
0 


the total circuit time occupied in carrying the calls 
during that hour, i.e. to the traffic units. 

The author has insisted on this last point for two 
reasons, (1) that this third meaning forms the basis of 
most of our systems of traffic measurement, and (2) that 
it often seems to be thought that the relation expressed 
in (iii) is only approximate and not rigid. It is true, 
of course, that our methods of measuring the average 
number of simultaneous calls are only approximate. 
If, for instance, we wish to measure the trattic carried 
by a group of 10 switches, we can say that that traffic 
is rigidly equal to the average number of switches 
simultaneously engaged. If we proceed to measure the 
traffic for an hour by counting the number of engaged 
switches at intervals of 3 minutes and dividing the 
sum of the readings by 20, then we obtain a fairly close 
approximation to the average number of simultaneously 
engaged switches and therefore to the traffic. A closer 
approximation is obtained bv counting the switches at 
intervals of 1 minute and dividing the sum by 60. But 
it is important to remember that the approximation is 
in measuring the average, not in converting the average 
to traffic units. 

The question ' What are the physical dimensions of 
a traffic unit?” is not without interest. From the 
way in which the number of traffic units is calculated, 
it is clear that the dimensions of a traffic unit are the 
same as those of a call, because C — calls per hour and 
therefore has the dimensions (calls/time), and T has the 
dimensions of time simply. This is confirmed by the 
third subsidiary meaning of the traffic unit, namelv, 
the average number of calls in progress simultaneouslv. 
If we assume a call to have no dimensions, then the traffic 
measured in tratfic units becomes a number simply. 

There is one other matter of interest here. It will 
be clear from the foregoing that the traffic unit is a 
measure of traffic intensity rather than of total trattic. 
Considering 200 calls with an average duration of 
3 minutes, it is clear that they represent a total circuit 
occupation of 10 hours, whatever the period over which 
the calls are spread. Supposing the calls all originate 
within 1 hour, then the trafic units represented are 
equal to 10, and the average number of simultaneous 
calls is 10. If, on the other hand, the calls are spread 
over a period of 5 hours, then the average tratfic units 
are equal to 2 and the average number of simultaneous 
calls is also 2. The total traffic is the same in the two 
cases, but as in tlie second case it is spread over 5 hours, 
and in the first it is concentrated in 1 hour, then the 
trafic intensity in the first case is 5 times what it is in 
the second. No standard unit for measuring traffic in 
bulk has been defined, and therefore it seems desirable 
to use the expression '' traffic units per hour ” whenever 
there is a possibility of misunderstanding. 

The other principal term which must be referred to 
here is '' grade of service." As this term and the need 
for it have been explained in detail by Colonel Purves 
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in his paper “The Post Office and Automatic Tele- 
phones,” * it is sufficient here to recapitulate that, as 
defined in the Post Office, the '' grade of service ” is 
the proportion of calls which fail to mature on account 
of shortage of switching plant. The grade of service 
has been defined in other ways by various investigators, 
but in the author’s opinion the definition just given is 
simplest in conception and easiest to measure. 

The settlement of a standard grade of service must 
clearly be based on a compromise between the desire to 
give subscribers as good a service as possible, and the 
equally important desire to render that service as 
cheaply as possible. In the Post Office the standard 
has been fixed at 1 lost call in 500 per busy hour at 
each switching stage, with the proviso that if the traffic 
increase temporarily by 10 per cent the service shall not 
deteriorate below 1 in 100. The latter proviso is to allow 
for the well-known fact f that a large group of switches 
cannot stand an overload so easily as a small group, 
and it is desired that, in the event of a sudden increase 
of traffic of a temporary nature, the service shall not 
unduly deteriorate. In the special case of small groups 
of external junctions which are often very expensive to 
provide, a rather lower grade of service than the standard 
is allowed. 


(3) Brier HISTORY. 


This is not the place in which to record in detail the 
history of trunking development, but a few remarks on 
the main features of that development may be of interest. 
It will be apparent that the subject has two aspects— 
the quantitative aspect, which is concerned with the 
amount of switching plant required to handle a given 
amount of traffic, and the qualitative aspect, which 
relates to the methods adopted for arranging and re- 
arranging switching plant to the best advantage. Ob- 
viously these two phases are very closely inter-related. 

(a) Quantitative.—The classic papers of the late W. 
Lee Campbell on automatic telephony contain many 
references to the results of his studies on the traffic 
capacity of automatic switches. They are based mostly 
on observations of actual switches and do not specify 
the grade of service to which they apply. The first of 
his formule was N = A + 2-84/A, where N is the 
number of switches required to carry A traffic units. 
Later the constant was increased from 2:8 to 3:5. 
This formula bears close analogy to the formula used 
for junction provision in manual telephony. Many of 
these take the form N = A + k/A, where k is a 
constant differing with different administrations. All 
of these formule are of interest because they consist 
of one term A which is equal to the number of switches 
which would be required were the traffic absolutely 
uniform, plus another term which represents the addi- 
tional switches required because the traffic is actually 
irregular, and its peaks have to be allowed for in some 
degree. In both Campbell's form and the other form 
this term becomes relatively less important as the 
traffic increases, agreeing with common experience that 
the peaks of traffic are relatively less important when 
the volume of traffic is large. The late National Tele- 


* Journal J.E.E., 1925, vol. 63, p. 617. 
t See Section (4), par. 1. 


phone Company expressed the relation in another way 
in the formula A = 7N/(1 + +/(1 + 240/N)). This is 
definitely designed to give a higher grade of service on 
large groups. 

So far as the author is aware, the first published 
attempt to solve the problem from a theoretical stand- 
point was made in this country by W. H. Grinsted 
in 1907. His principal result was that, for a trafhc 
intensity of A traffic units, the probability of exactly 
x simultaneous calls is e-4A2/x!; this is commonly 
known as the Poisson formula of distribution. Grin- 
sted's work was not published until 1915 (in the Post 
Office Electrical Engineers! Journal) and for that reason 
it is not always realized to how great an extent it was 
really pioneer work. Although Grinsted's investigation 
was made specifically with reference to junction circuits 
in manual telephony, the results are equally applicable 
to switching plant in automatic telephony. 

Mention must also be made of a paper read by M. C. 
Rorty before the Western Branch of the American 
Institute of Electrical Engineers in 1905. So far as 
the present author can trace, this paper was never 
printed by the Institute, but by the courtesy of Mr. 
Grinsted he has been able to see extracts from it.* 
In an article appearing in the Bell System Technical 
Journal (vol. 1, No. 2) E. C. Molina refers to the work 
of G. T. Blood in 1898, but of this the present author 
has no further information. 

Space does not permit of detailed attention being 
given to later theoretical work. The author must, 
however, mention E. C. Molina, of the American Tele- 
phone and Telegraph Company, especially as his enor- 
mous labours in this field are by no means adequately 
represented by his published works. Recently, how- 
ever, one or two articles from his pen have appeared 
in the Bell System Technical Journal, and telephone 
engineers generally will hope with the present author 
that they are precursors of other articles from the same 
source. So far as the traffic capacity of switch or 
circuit groups is concerned, Molina’s principal work 
may be briefly expressed as follows: If a volume of 
traffic A (traffic units) be offered to a group of z switches 
then the proportion of traffic lost (grade of service) is 

r= 


equal to eva This is the basis of the design 
r=2z 
curves principally used in the United States. 

Apart from these two investigators, the bulk of the 
work in the theoretical field has been carried out on 
the Continent, and the names of Spiecker, Lubberger, 
Langer and others in Germany, Christiansen and Erlang 
in Denmark, Pleyel and Holm in Sweden, Engset in 
Norway, Merker in Belgium, Milon in France, and Lely 
in Holland may be mentioned ; those interested will find 
in the Bibliography a reference to the principal publica- 
tions of these investigators. In the Post Office Electrical 
Engineers’ Journal for October 1920, the author, some- 
what alarmed by the number and diversity of these 
theories, attempted a comparison of the principal ones 
known at that time, and reached two main conclusions, 
first, that the differences between the various theories 


* The author has since found that it appeared at the time in abstract in 
the Western Electrician of Chicago. 
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Jay rather in the assumptions underlying them than in 
the actual mathematical analysis, and second, that the 
theory most nearly applying to conditions in this 
country is that associated with the name of Erlang, 
scientific assistant to the Copenhagen Telephone Co. 
The work of some of the investigators mentioned above 
was published subsequently to 1920; without wishing 
in the slightest to belittle their work, the author feels 
that there appears as yet to be no sufficient reason for 
modifying these conclusions. Erlang’s principal result 
is, using the same symbols as before, that the proportion 
of lost traffic (grade of service) is equal to 


At/zx | 
r=Z 
Siar 
r=0 


Most of these theories deal chiefly with what is 
commonly known as the “ full availability ’’ problem, 
ie. the problem involved when any call can be put 
through on any switch or circuit, provided it is free. 
In this case all the switches are '' available ” to all the 
traffic and, under these conditions, the traffic-carrying 
capacity of any group of switches is clearly a maximum. 
Any arrangement of switches in which the availability 
is limited must of necessity mean that the switches 
carry less traffic, on the average, for a given grade of 
service, because it is possible for a call to fail, although 
some switches are free, if those switches are not 
“ available ” to that particular call. 

It has been said earlier that one traffic unit is the 
amount of traffic which one switch will carry if it is 
fully occupied. Obviously this represents an ''ideal 
maximum ” which can never be reached. The traffic 
actually carried by a group of switches under “ full 
availability " conditions represents a  ''theoretical 
maximum " which can be reached by a suitable design 
of plant. The design may or may not be entirely 
uneconomical—that is a matter for further considera- 
tion—but there is no doubt that the condition can be 
realized. Thus, if an exchange contain 500 Ist selectors, 
it is possible to imagine each subscriber provided with 
a pre-selector by means of which his line can be con- 
nected to any one of those 500 selectors. The more 
usual arrangement is the provision of pre-selectors with 
a much smaller number of bank contacts, say 10 or 25, 
so that the number of Ist selectors which are '' available ”’ 
to any subscriber is considerably reduced. Under these 
circumstances more Ist selectors are required to carry 
a given traffic, but the pre-selectors are cheaper. The 
traffic carried by a group of switches under “ full avail- 
ability ’’ conditions thus becomes a standard by which 
the effectiveness of a group under actual conditions 
can be measured. 

The author sometimes thinks that there is some analogy 
between this subject and that of the performance of heat 
engines. We should like our heat engines to have 100 per 
cent efficiency, just as we should like our switches each 
to carry one traffic unit. In the case of heat engines, 
however, the efficiency attainable can never exceed 
(T, — T,)/T,, where T, and T, are the absolute tem- 
peratures between which the active fluid in the engine 


works, this being the idcal efficiency for an engine with 
a reversible cycle. When once these temperatures have 
been decided on, then the maximum possible efficiency 
is fixed—at considerably less than 100 per cent in 
practical cases. Similarly, when the size of a group of 
switches is fixed, the maximum possible value for 
the average traffic per switch is fixed also. Just as the 
efficiency of the heat engine is further reduced if the 
cycle is not reversible, and also bv losses of various kinds 
which can only be partly avoided, so the average traffic 
capacity of a group of switches is reduced when the 
availability is limited. Perhaps the analogy is rather 
weak in the latter part, but at least it is as valuable 
as the somewhat overworked water analogy in the case 
of electrical circuits. 

The investigation of '' limited availability ” problems 
forms the subject of a separate Section of this paper. 
Here it need only be said that the subject has been 
developed on the theoretical side by Erlang and others 
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Fic. 3.—Isometric view of arrangement of switches in 
A.T.M. selector board (new type). 


of the investigators previously named, and on the 
practical side by W. Aitken and by Messrs. Siemens 
Brothers in this country. Mr. Aitken's work is to be 
found chiefly in patent specifications and in his text- 
books on automatic telephony. Although  Messrs. 
Siemens have published very little, their researches into 
the subject have been very extensive and they were 
among the first, so far as the author's information goes, 
to determine the traffic capacity of switches under 
many of the varied conditions existing in practice. 
F. Lubberger has also carried out extensive investi- 
gations at the works of Messrs. Siemens and Halske in 
Berlin, but unfortunately a comparatively small amount 
has been published. 

(b) Qualitative.—Not less remarkable has been the 
development of trunking on what the author has called 
the “ qualitative " side. This was dealt with in some 
detail in a paper read before the Northern Centre of 
the Institution of Post Office Electrical Engineers in 
March 1923.* For completeness certain portions of 
that paper are recapitulated here. 

In exchanges supplied by the Automatic Telephone 
Manufacturing Co. the group selectors are always 


* Institution of Post Office Electrical Engineers, Professional Paper No. 90. 
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mounted on double-sided boards, one end of the board 
consisting of the terminal assembly at which connection 
is made between the banks of the selectors mounted on 
the rack and the wipers of switches of the next rank. 
Fig. 3 shows the latest arrangement in diagrammatic 
form. Each side of the board—called a rack—has 
capacity for 120 switches which are arranged in 6 rows 
of 20. Each row is constituted by 2 shelves of 10 
switches each, the 10 selectors in each shelf having a 
common bank multiple. The shelves are lettered 
across the rack AB, CD, EF, GH, IJ and KL. The 
two earliest patterns of terminal assembly are described 
and illustrated in the paper just referred to. 

As a result of the experience gained with these two 
types, neither of which gave all the flexibility desired, 
a further step was taken in the introduction of a cross- 
connecting frame somewhat similar to an intermediate 


slots—one, at the end, for the bare wire straps just 
referred to, one half-way down for the connection of 
jumper wires, and one at the bottom for the termination 
of cable wires. Fig. 5* shows a complete link dis- 
tributing frame of several units as manufactured by 
Messrs. Siemens Brothers, to whom the author is in- 
debted for the loan of the lantern slide. Each unit 
consists of two panels. That on the right covers the 
Space required for the accommodation of cables, and 
is also used for labelling. The left-hand panel is divided 
into two unequal portions, the top portion being used 
for the termination of bank cables from one rank of 
switches, and the bottom portion accommodating the 
cables which run to the next rank of switches. The 
capacity of the upper portion is 56 strips, and of the 
lower 20 strips. Connections between the two sets of 
strips are made by means of jumpers, and tags on the 
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Fic. 4.—Strip for link distribution frame. 


distribution frame between banks and switches and 
called a “link distribution frame." This frame was 
developed chiefly by Messrs. Siemens Brothers and has 
been used largely in their exchanges as well as in the 
more recent exchanges of the Automatic Telephone 
Manufacturing Co. This frame is dissociated from the 
selector racks and located in some central position 
chosen principally with a view to economy of cable. 
The link frame is built up of strips of terminals or tags, 
each strip containing 30 tags and therefore accommo- 
dating 10 circuits. A single strip is illustrated in 
Fig. 4, which shows the arrangement by means of 
which the strip may be fixed without drilling the iron- 
work of the frame. Holes are provided in the wooden 
base of the strip for the passage of cable wires and 
jumpers. The tags are in 3 rows of 10 but staggered, 
so that as the strips are mounted horizontal one 
above the other it is possible to run bare wires between 
similar tags in adjoining strips. Each tag has three 


upper strips may be multipled as desired by means of 
bare wire connections. It is not always necessary, or 
desirable, to connect every level on every shelf to an 
individual strip on the link frame. On levels carrying 
a small amount of traffic the banks of two or more 
shelves may be multipled together and cabled to a 
single strip on the link frame. If an exception is made 
for this case, it is possible to cable any bank contact 
to any switch in the next rank, by means of the link 
frame, without re-cabling. 

In future exchanges, particularly those in London, a 
centralized link distribution frame will not be provided. 
It wil probably be agreed by those who have had 
experience of it that this frame represents the high- 
water mark of development in trunking facility. It 
affords a ready means of making almost any change 
desired and represents a great advance on its id 


* This will be found in '' Siemens No. 16 Automatic Equi puea " 
Brown. Institution of Post Office Electrical Engineers, Professiona 
Oo. 
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cessors. But such flexibility has to be paid for, and it 
has been felt by some engineers that the cost of bringing 
all the inter-switch cabling to one central point is too 
high a price to pay for the flexibility gained. In order 
to reduce this cost and yet to retain the chief advantages 
of the link frame, an improved type of terminal assembly 
has been evolved, which will be called the “ link frame 
terminal assembly." As it is located, like the older 
terminal assemblies, at the end of the selector boards, 
it is economical in cable. Its design, however, follows 
that of the link frame as closely as its situation and 
somewhat confined space will permit. Its construction 
is best illustrated by means of diagrams. 

The selector banks are joined to terminal strips at 
the end of the board. The arrangement and lettering 
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Fic. 6.—Terminal assembly. Link frame pattern. 


of the strips are indicated in skeleton form in Fig. 6 (a), 
in which the designation of the various strips is the 
same as that of the shelves of selectors whose banks 
they terminate. Each strip accommodates all the 100 
circuits from the banks of one shelf of selectors; the 
circuits are arranged in ''level"' order, level 1 being 
on the extreme left and level 0 on the extreme right. 
Fig. 6 (b) illustrates one strip, showing the arrangement 
of levels, while Fig. 6 (c) shows how the actual terminals 
or tags are arranged. The three terminals constituting 
one circuit are staggered as in the link frame just 
described, so that bare wire connections can be run 
Írom strip to strip. Each strip is built up by pressing 
the terminals into bakelite, and is bolted to a cross-bar 
running across the assembly. Bank cables and jumper 
wires are connected to the rear of the tags, and bare 
wire connections are made on the front. Cables to the 
next rank of switches are joined to connection strips 
(similar to those on the intermediate distribution frame) 
mounted above the terminal assembly. These strips 
can also be joined by means of jumpers to any desired 


tag on the terminal assembly. It is frequently necessary 
to connect circuits on one terminal assembly with 
similar circuits on another terminal assembly. This is 
done by means of tie cables which run from every 
board to the board on either side of it. The tie cables 
terminate in connection strips located above the strips 
just mentioned, and are provided on the basis of 100 
circuits to each of the adjoining boards. Fig. 7 shows 
how the terminal assembly is used. Although on the 
whole less flexible than the link frame, this type of 
terminal assembly has one advantage in this respect. 
In the description of the link frame, mention was made 
of the possibility of multipling the banks of several 
shelves (as regards any level) and connecting the group 
so formed in one cable to the link frame. If trafhc- 
changes neeessitate that the number of shelves in a 
group should be altered, then some amount of re-cabling 
may be necessary. On the whole, such an alteration 
will be rather easier on the link frame type of terminal 
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Fic. 7.—lllustrating use of link frame terminal assembly. 


assembly, though some re-cabling may be involved here 
also. A complete view of the terminal assembly is 
illustrated in Fig. 8,* and a side view, showing the jumper 
field, in Fig. 9.* For the loan of these two lantern 
slides the author is indebted to Mr. A. F. Bennett, 
Chief Engineer of the Automatic Telephone Manufac- 
turing Co. 

Although between the various ranks of selectors the 
link frame terminal assembly is now the standard 
arrangement for cross-connecting purposes, there are 
still one or two places where its use is inappropriate. 
Principal among these is the trunking between pre- 
selector banks and Ist selectors. There are two dith- 
culties to be faced here, first that there is no suitable 
place on the pre-selector racks for a cross-connecting 
arrangement, and second that the number of subscribers 
pre-selectors which form a convenient unit or group for 
trafic distribution will depend on the average trathc 
per subscriber and may vary from 75 on a very busy 
exchange to 300 or 400 on a more lightly loaded exchange. 


* Exhibited as lantern slides at the meeting. 
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The problem has been met by the provision of a 
centralized link frame at which the actual cross- 
connections between pre-selector banks and Ist selectors 
are made. The pre-selectors themselves—mounted, as 
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Fic. 10.—Explanatory diagram of arrangement of terminal 
strips above unit. 


is well known, on racks each holding 100 switches— 
have a permanent multiple to each 25 switches, the 
four multiple cables per unit being connected to terminal 
strips at the top of the unit. These strips are fitted 


TABLE 1l. 


Average Traffic Capacity per Switch for Various Sizes of 
Group (Erlang's Theory). 


Average traffic per switch for grade of service of 


Number of 
switches 
i 1 in 100 lin 200 1 in 500 l in 1 000 
1 0-01 0-005 0-002 0-001 
2 0-074 0-053 0-033 0-023 
3 0-152 0-117 0-083 0-063 
4 0-218 0-175 0-133 0-108 
5 0-272 0-226 0-180 0-152 
10 0-446 0-396 0-343 0-309 
15 0-541 0-492 0-439 0-405 
20 0-602 0:555 0-504 0-471 
25 0-644 0-600 0-550 0-519 
30 0-680 0-633 0-590 0-556 
40 0-725 0-683 0-643 0-611 
50 0-758 0-718 0-678 0-650 
60 0-782 0:745 0-706 0-680 
70 0:801 0-767 0-729 0:703 
80 0-816 0-785 0-746 0-723 
90 0-830 0-800 0:761 0-739 
* 100 0-841 0-810 0-774 0-752 


in conjunction with three others, of which two are 
provided to connect the assembly with similar assemblies 
on the two adjoining units, and the other to connect 
the assembly, if required, with the centralized link 
frame. The whole arrangement is illustrated in diagram- 
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matic form in Fig. 10; the upper diagram shows the: 
allocation of the terminal strips on the top of each 
unit, and the lower shows how the arrangement is made 
use of to provide one cable to the link frame for each 
group of 125 pre-selectors. In both parts of the 
diagram a short horizontal line represents a strip 
accommodating the 24 circuits from one group of 25 
pre-selectors. It must be made clear that so small a 
group as 25 is chosen for the number of pre-selectors 
having a common multiple, not because this number 
is ever likely to justify a separate cable to the link 
frame, but because it is necessary for the number of 
pre-selectors having such a cable to be capable of 
variation by fairly small steps. By means of the 
arrangement described it will be possible, not only to 
provide cabling from the pre-selector banks to the link 
frame on the most satisfactory basis for the traffic of 
the exchange, but also to change this if the traffic 
conditions alter. Thus, for instance, in the case illus- 
trated in Fig. 10 it would be easily possible to increase 


Average traffic capacity per switch 


80 


N? of switches 


Fic. 11.—Average traffic per switch for various grades of 
service. 


the number of pre-selectors per link frame cable from 
125 to 150 if the average traffic per subscriber diminish, 
or to decrease it from 125 to 100 if the average traffic 
per subscriber increase. When conditions are stable, 
this latter facility is not of great use. Since the war, 
however, numerous cases have occurred in individual 
exchanges where the average traffic per subscriber has 
changed considerably, and the average calling rate for 
the whole country has varied greatly with the state of 
trade. 


(4) THE “ FULL AVAILABILITY ' CONDITION. 


As previously stated, the theory which is considered 
to correspond most nearly to conditions in this country 
is that associated with the name of Erlang. His expres- 
sion is one which it is fairly easy, although somewhat 
tedious, to evaluate. Curves and tables for various 
grades of service have been published several times ; 
for completeness, Table 1 and Fig. 11 give the average 
traffic carried per switch for various sizes of group and 
various grades of service. The curves clearly show 
how the average traffic-carrying capacity of switches 
increases with the size of group, tending towards an 
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ultimate value of one traffic unit per switch for an 
infinitely large group. The way in which the curves 
approach one another as the size of the groups increases 


TABLE 2. 


Traffic Capacity of Switches (Erlang’s Theory). 


(Grades of service of 1 in 500, 1 in 100, and also 1 in 
100 calculated on 10 per cent increase of traffic.) 


Traffic capacity for grade of service of 


NUD of 

Mcd 1 in 500 lin 100 rnan on 

1 0-002 0-01 0-009 

2 0-065 0-153 0-139 

3 0-25 0-455 0-414 

4 0:53 0-870 0-791 
5 0-90 1:36 1:24 
10 3°43 4-46 4-05 
15 0-58 8-11 7°37 
20 10-07 12-03 10-9 
24 13-01 15-3 13-8 
25 13-76 16-1 14-6 
30 17-7 20-4 18-5 
40 25-7 29-0 26-4 
50 33-9 31:9 94-5 
60 42-4 46-9 42-6 
70 51-0 56-1 51-0 
80 59-7 65:3 59-4 
90 68-5 74-7 67-8 
100 71:4 84-1 76-4 


is an indication of the fact previously stated, that large 
groups are less able to stand overloads than small ones. 

It will perhaps be of interest to trace the effect of 
this latter consideration—as introduced by the two-fold 


N° of switches 


Traffic units 
x =1in100 calculated on 10 per cent increase of traffic 


Fic. 12.— Traffic capacity of switch groups. 


grade of service adopted by the Post Office—on the 
design curves in use by that Department. Table 2 
gives in cols. 2 and 3 the amount of traffic carried by 


groups of the sizes given in col. 1 for grades of service 
of 1 in 500 and 1 in 100 respectively. In the last 
column the values of traffic are 10/11 of those in col. 3, 
i.e. the traffic in col. 4 is the traffic which, if increased 
by 10 per cent, will give a grade of service of 1 in 100 
with the size of group given in col. l. To conform with 
both parts of the standard grade of service, then, the 
traffic chosen for any size of group must be the smaller 
of the two values given in cols. 2 and 4. These values 
are the same for a group of 70 switches. For smaller 
groups, the grade of service of 1 in 500 is more severe 
than the grade of service 1 in 100 reckoned on 10 per 
cent increase of traffic; for larger groups than 70 the 
reverse holds. These results, which of course apply 
only to the '' full availability " case, are illustrated in 
Fig. 12; the curves are for grades of 1 in 500 and 1 in 
100 respectively, while the figures in col. 4 of Table 2 
are shown, for clearness, as crosses. 


(5) PROBLEMS OF ''LiMITED AVAILABILITY.” 


Those familiar with the design and construction of 
automatic switching plant will realize that the “* full 
availability ’’ conditions do not occupy a very large 
place in practice. Taking the exchanges now being 
installed in London as an example, each subscriber's 
pre-selector has a bank of 24 contacts and therefore 
has access to a maximum of 24 Ist selectors; in other 
words, the '' availability ’’ of Ist selectors is limited to 
24 on account of the design of the pre-selectors. In 
any exchange where the number of Ist selectors exceeds 
24, therefore, full-availability conditions do not obtain, 
and the “availability ’’ is said to be “limited.” 
Similarly, group selectors having 10 contacts per bank 
level limit the availability of succeeding switches to 10, 
and the more recent group selectors having 20 contacts 
in the bank level similarly limit the availability to 20. 
There are, of course, other systems, such as the Ericsson 
and Panel systems, in which the availability of switches 
considerably exceeds these figures. In view of these 
considerations, it is remarkable that the published 
literature of trunking gives much more attention to the 
“ full availability ’’ problem than to the more numerous 
and varied problems of “ limited availability.” 

When the availability is limited, the question arises 
of how best to join the banks of the switches of one 
rank to the wipers of the next. In most of the earlier 
exchanges, both in this country and in America, the 
switches of one rank were divided into groups each 
containing a number equal to or at any rate not greater 
than the number of contacts in the banks of the preceding 
switches. 

Thus in Fig. 13, one level, say the 7th, of 100 Ist 
selectors is required to be joined to the wipers of 40 
2nd selectors. The former are arranged in shelves of 10 
lettered from A to J, and the connection is made by 
means of a terminal assembly of one of the old patterns 
referred to in Section (3). The 2nd selectors are divided 
into 4 groups of 10, each group serving its own quota 
of Ist selectors. This arrangement—besides being 
uneconomical, as will be seen later—is very inflexible. 
If, for instance, 40 2nd selectors are insufficient to carry 
the traffic for the specified grade of service, and it is 
desired to add 2 more, the difficulty is at once made 
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clear. The number of 2nd selectors is no longer an 
even multiple of 10. From the point of view of carrying 
traffic, the best arrangement—so long as the method 
of splitting into groups is continued—is to make 4 
groups of 10 and 1 of 2, the traffic capacity of this 
arrangement being 4 x 3-43 + 0-065 = 13-79 traffic 
units. But the traffic carried by two switches is con- 
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Fic. 13.—Simple method of trunking. 
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31-40 
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siderably less than the traffic sent out over the 7th 
level from only one shelf of lst selectors, and hence it 
is not possible to give the group of 2 a suitable load. It 
would then be thought, perhaps, that 5 groups—as 
nearly equal as possible—should be chosen, say 3 groups 
of 8 switches and 2 of 9. The traffic capacity of this 


certain 2nd selectors common to more than one group 
of Ist selectors, so that each first selector can reach 10 
2nd selectors instead of only 8 or 9. Such a scheme, 
however, bears some resemblance to the schemes about 
to be described. l 

This has been dwelt on in some detail because it is 
sometimes imagined that flexibility in trunking schemes 
is only a matter of convenience. Though the question 
of convenience enters largely into the matter, there 1s 
no doubt, as in the example quoted above, that in- 
flexibility in terminal assembly arrangements does result 
in increased cost of switching plant. This is apart 
altogether from the saving in plant effected by improved 
methods of trunking, which in their turn are made 
practicable by increased flexibility. 

But it is not only in the design of the terminal 
assembly that hindrance to the development of trunking 
lay. When automatic telephony was in its infancy in 
this country, the method of slipping banks was intro- 
duced in America. The difference between straight and 
slipped banks is illustrated in Fig. 14. In the case of 
straight banks, each contact on one switch is joined to 
the corresponding contact on the remaining 9 switches 
in the same shelf. The lower part of Fig. 14 illustrates 
retrograde bank slip. In this case, the first contact of 
No. 1 switch is joined to the 10th contact of No. 2, the 
9th of No. 3, and so on. Other contacts are multipled 
in a similar sequence. The effect of this is that No. 1 
switch tests No. 1 circuit first, No. 2 switch tests No. 2 
circuit first and so on. Other varieties of slip are 
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arrangement is only 3 x 2:31 + 2 x 2-85 = 12-63, 


G. 


which is less than that of the original 40 switches 
arranged in groups of 10. A possible solution would 
be the provision of 4 groups of 9 and 1 of 8, the traffic 
capacity of which would be 4 x 2:85 + 2:31 = 13:71, 
about the same as that of 4 groups of 10 and 1 of 2. In 
other words, more switches are needed than in proportion 
to the actual traffic increase. It is true that, in this 
example, an improvement could be effected by making 


14. 


known, but the principle is the same in all. The 
principal advantages claimed for slipped banks are 
(1) that the amount of rotation which a selector has to 
make to find a disengaged circuit is reduced, and (2) that 
the wear on switches reached from slipped banks is 
more or less uniform over all switches. 

On the strength of American experience and recom- 
mendation, bank-slipping was introduced into all the 
earlier exchanges in this country with the exception of 
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the first two (Epsom and Official) and even in these 
the commoning cable between adjoining shelves was 
slipped. 

These conditions persisted throughout the war, as 
circumstances did not permit of time and staff being 


given to the study of trunking problems. When the 
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Fic. 15.— Portion of trunking of level 20 at Leeds, before 
trial of interconnecting. 


subject was pursued on the conclusion of the war, one 
of the earliest problems which called for solution was 
the best method of trunking under ''limited avail- 
ability" conditions. Erlang claimed that the most 
efficient method possible is to arrange that each call 
chooses and tests k out of the total selectors in a purely 
chance way, k being the availability or number of 


1 


First 8 contacts only 


available to it are not a matter of chance, but are 
determined by the trunking scheme. But as Erlang 
claimed a large increase in trattic capacity by his method 
as compared with the older method shown in Fig. 13, 
it was thought that a realizable approximation to his 
scheme might give some substantial increase. For this 
reason, a trial was made at Leeds on a level (20) which 
had experienced some congestion and required relief. 
The original connections of the part of the plant on 
which the test was carried out are shown in Fig. 15 
and the modification in Fig. 16. In Fig. 15, each 
lettered circle represents the 10 circuits outgoing from 
the level concerned of the selector shelf indicated bv 
the letter. The principle underlving Fig. 16 is that 
each shelf of 2nd selectors has access to a different 
selection of 3rd selectors. As the 2nd selector banks 
are slipped, each selector in any shelf begins testing the 
3rd selectors available to it from a different point. By 
this means it was hoped that an approximation to 
Erlang’s scheme would be reached, and that some 
improvement in traffic capacity would be obtained. 
The results were disappointing. It is true that a slight 
improvement in traffic capacity was obtained, but the 
increase was so small as hardly to counterbalance the 
increased complication of the arrangement. This 
method of trunking has therefore not been extended in 
Post Office exchanges. 

Meanwhile, the method of trunking known as 
"grading" was developed. So far as the authors 
knowledge goes, the first patent on this subject in this 
country was one by Messrs. Siemens Brothers—No. 
12566 of 1913. Fig. 17 is copied from one of the figures 
of that specification, of which the first two claims run 
as follows : 


“Claim 1. In telephone systems in which a group 


of lines is connected to the contacts of selecting 
devices, dividing at one or more places some of the 


39C 


NOTE :- The figures after the shelf letters are arbitrary numbers allotted to the shelves for reference. 
Fic. 16.—Portion of trunking of level 20 at Leeds, after trial of interconnecting. 


circuits over which the selector can hunt. Thus if, on 
a given level of 10-contact Ist selectors, 45 2nd selectors 
are provided, any call arriving on this level of Ist 
selectors will test these 2nd selectors in a purely chance 
order until either a free selector has been found, or a 
total of 10 have been so tested; if all of these 10 are 
busy, the call will be lost. It is clear that this method 
of trunking cannot be realized in practice. When a 
call arrives at any given Ist selector, the 2nd selectors 


leads connecting in multiple the similar contacts of 
the said selecting devices and connecting the separate 
parts of the divided leads to different lines of the 
group, substantially as described and for the purpose 
set forth.” 

“Claim 2. In a telephone system, according to 
claim 1, the arrangement by which the multiple 
contacts connected to the divided leads are the first 
wiped by the contact arms of the selecting device.” 
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In this the basic idea of “ grading "—that is, the 
allocation of certain switches as the first choices of one 
group of switches of the preceding rank, and of others 


of slipped banks are as great as was thought. It is 
true that the wear on switches is to a large extent 
equalized by their use, but this is not of itself any great 


Lif SS» 


yv aaor 


o. 


A 

| d d 1 

DL 1 1 14 1 
NEM 


ERE 


Fic. 17.—Diagram from Messrs. Siemens Brothers’ Patent 12566/1913. 


as later choices from several groups—is clearly seen. 
The principle was extended by William Aitken in patent 
specification No. 15287 of 1915, and grading has 
developed in other countries, notably in Germany. In 
this country the chief development of grading has been 
made by Messrs. Siemens Brothers. 

Although grading has had an independent develop- 
ment in Europe—and even there has been developed 
independently by several groups of investigators—it 
appears to have been patented in the first place in 
America. E. A. Gray, assignor to the American Tele- 
phone and Telegraph Co., filed his application on the 
30th July, 1907, for a ‘‘ Method of and means for 
connecting telephone apparatus." The patent, No. 
1002388, was granted on the 5th September, 1911. 
Unfortunately, the claims, 14 in number, are too long 
to reproduce here; Fig. 18, however, which is a repro- 
duction of Fig. 5 of the patent, shows clearly the use of 
individual, partial common, and full common circuits. 
In the example shown, the scheme is applied to the 
outlets of 25-contact switches, the order of testing the 
contacts being downwards. It is interesting to notice 
that partial commoning does not always occur between 
adjacent groups, as in Post Office practice, but that the 
partial commons are formed in as many ways as possible. 
So far as the present author is aware, this patent has 
not been applied practically in American exchanges. 

It will be clear that grading in any form cannot be 
used with advantage in exchanges where the selector 
banks are slipped. If a switch is to be individual to 
only one group of switches of the preceding rank, then 
it should be the first choice, or at any rate a very early 
choice, from all the switches in that group. This can 
only be accomplished effectively by the use of straight 
banks. The-use of “individual” switches was intro- 
duced into the Official Exchange in 1913 but could not 
be perpetuated to the same advantage in later exchanges 
because the banks are slipped. 

About the time that these investigations were pro- 
ceeding, doubts were felt as to whether the advantages 


advantage. It is also claimed that the average hunting 
time is reduced by means of slipped banks, buf, as the 
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Fic. 18.— Diagram from Gray’s American Patent 1002388. 


dial must be designed to allow for a maximum hunting 
time, even this point does not result in a reduction in 
the operating time of a call. 
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A sudden reversal in policy such as this, however, 
could not be undertaken lightly. Perhaps the turning 
point was the trial of a scheme of interconnecting at 
Leeds which has just been described (Figs. 15 and 16), 
` which led to the adoption of straight banks for all 
future equipments. Grading was then made the basis 
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Fic. 19.—Diagram illustrating principle of grading. 


The 10 letters refer to 10 shelves of selectors of onc rank (say Ist selectors), 
each shelf comprising 10 selectors. The short horizontal lines opposite each 
letter represent the circuits outgoing from a particular level of the selector 
banks. Ihe numbers represent the selectors of tbe next rank (sav 2nd 
selectors) to which the bank contacts are joined. It will be seen that the 
carlier contacts are joined to “ individual 2nd selectors’; the last contacts are 
all teed together and joined to ' common switches.” Intermediate contacts 
are teed togetber over a smaller number of shelves. The 190 outlets from the 
Ist selector banks are thus concentrated to 4U 2nd selectors. The numbers 
allotted to the 2nd selectors are arbitrary and do not indicate the way in which 
the 2nd selectors are arranged on the racks. 


of trunking schemes, a typical grading being shown in 
Fig. 19. In this figure, the problem solved is the same 
as in Fig. 13, namely, the connection of the banks of 
100 Ist selectors (on one level) to 40 2nd selectors. 
Before proceeding, the B.E.S.A. definitions of '' trunk," 
“interconnecting " and “ grading " will be given, the 


1st 


tiples together so that links are available from 
different sections in a different order.” 

“ Definition No. 9834. Grading.—In automatic tele- 
phony. The method of connecting level multiples 
together so that a group of switches is given access 
to individual outgoing links on the early choices, 
but on later choices shares access to links with 
other groups.” 


It will be clear from these definitions that inter- 
connecting is a general method of dealing with the 
“limited availability ’’ problem, and grading is a 
particular case of interconnecting. 

Though the general principles of grading may be clear 
from the foregoing and from Fig. 19, a little thought 
will show that the varieties of grading are enormous. 
After the general adoption of grading as a principle, 
therefore, it became necessary to conduct somewhat 
tedious investigations with the object of determining 
which arrangements are best and how much trattic such 
arrangements will carry. It is only fair to state that 
at this time Messrs. Siemens Brothers had done con- 
siderable work on this subject and were willing to place 
their results at our disposal. While grateful for that 
offer, however, the Post Office considered that in 
estimating the amount of plant required for ditierent 
competitive systems, it was undesirable to use any but 
their own experience and investigations, and this course 
was followed. 

The investigations conducted were narrowed down to 
gradings of the general type indicated in Fig. 19, that 
is, where individual contacts are tested first and commons 
last, and where commoning takes place only between 
adjacent shelves. This latter restriction obviously makes 
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Tic. 20.—Illustration of '' Übergreifen " from Lubberger. 


publication number (204) being the same as that pre- 
viously quoted : 


“ Definition No. 9716. Link or Trunk.—In automatic 
telephony. A wire connection between switching 
devices in the same automatic exchange." 

“ Definition No. 9833. Interconnecting.—In automatic 
telephony. Any method of connecting level mul- 


the scheme of grading more casily realizable on the link 
frame or link frame terminal assembly. But it will be 
clear that many other schemes are possible, and a few 
of the principal will be mentioned. As a first inspection 
of many of these schemes indicated difficulties of 
actually applying them in practice, detailed investigation 
of them has not been made up to the present. 

(a) The scheme of commoning non-adjacent contacts 
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referred to in U.S. Patent Specification No. 1002388 
has also been used by the Relay Automatic Telephone 
Co., and was indeed introduced by them into Fleetwood 
Exchange. A somewhat similar scheme, developed in 
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Fic. 21.—Tllustration of '' Gestaffeltes Feld ” from Lubberger. 


Germany, is described by: Lubberger in his book 
“ Fernsprechanlagen mit Wahlerbetrieb,” from which 
Fig. 20 is taken. This scheme is named by Lubberger 


1 —»- 9. 8 9 P 
2—0 MEME. d —5 


3 —> o 


4 —> o 


Wie 


[i 
Wy 


| 


o 


o 


pP 


[*] 


o 


9 


e 


Fic 22 —Illustration of ‘‘ Mehrfach gestaffeltes Feld ” from 
Rückle and Lubberger. 


* Übergreifen," the name for plain grading being 
*' Staffeln.” 

(b) Although our experience hitherto has been that 
individual circuits should be tested first and commons 
last, this does not seem to be the case in Germany. 


ee 


Fig. 21 shows a grading described by Lubberger in 
Elektrische Nachrichten-Technik (1925, vol. 2, p. 52). 

(c) Again, in Germany, partial and irregular slipping 
appears to have been developed, as in Fig. 22 taken 
from Rückle and Lubberger’s book '' Der Fernsprech- 
verkehr als Massenerscheinung mit starken Schwankun- 
gen," where it is described simply as '' merhfach 
gestaffeltes Feld.” 

(d) A. H. Adams in America has put forward a 
scheme called '' radical slip," described in a paper by 
the present author entitled '' The Influence of Traffic 
on Automatic Exchange Design," before the Institution 
of Post Office Electrical Engineers in 1920 (Professional 
Paper No. 85). This scheme proceeds on quite different 
lines from those previously mentioned, aiming rather at 
making the average traffic per circuit uniform. Adams 
has, moreover, later work to his credit, described in 
United States patent specification No. 1468853; the 
British number for the same patent is No. 163288. It 
is not possible to give a description of this scheme in 
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few words; it is, however, extremely ingenious, and 
Adams's work is deserving of more attention than it has 
hitherto received. 

(e) As this is being written a third edition of Lub- 
berger's book ''Die Fernsprechanlagen mit Wähler- 
betrieb " comes to hand; a cursory glance does not 
reveal any further information on trunking matters. 


(6) GRADING. 


In a study of the possibilities of grading as a trunking 
method, it is soon apparent that the traffic capacity of 
gradings depends on a number of factors. 

In the first place, as we have already seen, the traffic 
capacity depends on the number of switches which can 
be reached by any switch of the preceding rank, in 
other words upon the availability or the number of 
contacts in the bank of those preceding switches. As 
this number depends on the type of switch adopted, 
and is fixed for any given case, its effect will not be 
considered at present. In order to make our ideas 


200 


O’DELL: AN OUTLINE OF THE TRUNKING ASPECT OF 


definite, consideration will be confined for the moment 
to 10-contact banks. These will be chosen merely as 
examples, however, and the principles deduced will be 
of general application. 

Secondly, the traffic capacity of a grading may be 
affected by the number of groups. It will be recollected 
from the foregoing that gradings are built up of groups, 
each group consisting of a number of switches having a 
common multiple. This number may be formed by one 
shelf or by a number of shelves. Thus in Fig. 19 each 
shelf of Ist selectors, A, B, C, etc., constitutes a separate 
group so far as the grading on the level considered is 
concerned. Similarly in Fig. 23, (a) represents a 2-group 
grading, (b) a 4-group grading and (c) a 12-group grading. 
Clearly, 2-group gradings are the simplest as they 
include only two possibilities, individuals and commons. 
There are in all 11 different 2-group gradings, ranging 


TABLE 3. 
Trafic Capacity of 2-group Gradings. 


(Standard grade of service.) 


Traffic carried 

Number of Percentage 

ree porn 

p Total Erde 8 to grading 
10 3°43 0-343 0 
11 3-81 0-346 1 
12 4-20 0-350 2 
13 4-68 0-360 5 
14 5:24 0-374 9 
15 5-76 0-384 12 
16 6-14 0-384 12 
17 6-41 0-377 10 
18 6-61 0-367 7 
19 6-78 0-357 4 
20 6:86 0-343 0 


from one having all commons to one having all indi- 
viduals. In the former case the number of circuits 
outgoing to the next rank of switches is 10, and in the 
latter 20. If the number of individual contacts is n, 
then the number of circuits outgoing to the next rank 
of switches is 10 + n; for example, if there are 4 indi- 
viduals and 6 commons the number will be 14. Though 
the extreme cases mentioned have been included as 
2-group gradings, it will be clear that they are not 
strictly gradings as such. ‘The first—with all contacts 
common—is really a simple group of 10, and therefore 
its traffic capacity is 3-43 traffic units at the standard 
grade of service, or an average of 0:343 per switch. 
Similarly the grading with all contacts individual is 
really two simple groups of 10, each with a traffic 
capacity of 3-43 units. On the assumption that the 
busy hours of the two groups are coincident, the traffic 
capacity of the complete grading of 20 switches will be 
6-86—again an average of 0-343 per switch. With 
intermediate numbers of switches it may be expected 
that this average traffic per switch is increased, but 
clearly there must be some number for which the traffic 


capacity is a maximum, since the average traffic capacity 
per switch is no greater with a grading of 20 than with 
one of 10 switches. This has been verified by experi- 
ments with artificial trafhc, and has been confirmed bv 
observations on actual traffic. The results of these 
tests for the standard grade of service are shown in 
Table 3, in which col. 2 gives the total traffic, col. 3 
the average traffic per switch, and col. 4 the percentage 
increase in traffic per switch realized by grading. The 
second of these quantities is shown in graphical form 
in Fig. 24. The average traffic per switch increases 


Average traffic 
per switch 


N° of switches 
Fic. 24.—Average traffic per switch for 2-group gradings. 


from 0-343 with 10 switches to a maximum of 0-384 
with 15 or 16 switches, and then decreases again. It 
follows that the best effect from 2-group gradings is 
obtained when the number of outlets to the next rank 
of switches is 15 or 16. 

In gradings having a larger number of groups than 2, 
other considerations enter. With a 2-group grading, 
assuming that individual switches are always arranged 
to be earlier choices than the common switches, there is 
only one grading for any given number of outlets ; for 
example, 12 switches can only be obtained by 2 indi- 
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4:group gradings 
Fic. 25. 


viduals and 8 commons. When the number of groups 
exceeds 2, there is usually more than one way of obtain- 
ing any given number of outlets. The case will be 
examined further with respect to 4-group gradings. 
In this case the contacts may be arranged as individuals, 
as pairs and as commons. ‘The number of outlets to 
the next rank of switches obtainable from such an 
arrangement varies from 10 (all contacts common) to 
40 (all contacts individual), any intermediate number 
being possible. There are thus 31 different numbers of 
outlets which may be obtained. If we make the 
restriction as before, that individual contacts shall be 
earlier choices than pairs, and these earlier choices than 
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commons, and if we further restrict pairing to contacts 
. in adjoining groups, then it will be found that the total 
possible number of 4-group gradings is 55. As only 31 
different numbers of outlets can be obtained, some of 
these numbers must be obtainable by more than one 
grading. When 22 outlets are required, for instance, 
4 gradings are possible. These are shown in Fig. 25, 
where they are distinguished as 22A, 22B, 22C and 22D 
respectively. The figures shown above the gradings 
give the number of individuals, pairs and commons in 
each. Thus 22A has 4 individuals, 0 pairs and 6 com- 
mons. Tests have been made on all of these gradings. 
Traffic of 20 hours’ duration, consisting of an average 
of 200 calls per hour and an average holding time of 
0-05 hour, was put through each of them. The total 
hourly traffic was therefore 10 units, corresponding to 
an average of 2-5 units per group. Again the assump- 
tion is made that the busy hour is the same for all 
groups, and therefore the busy-hour traffic on the whole 


TABLE 4. 


Various 16-group Gradings for 53 Switches. 


Distinguishing Number of 

letter of 

grading Individuals Pairs Fours Eights | Commons 
A 2 ] 2 0 5 
B 2 1 1 3 3 
C 2 1 0 6 I 
D 2 0 4 1 3 
E 2 0 3 4 I 
F ] 4 0 0 5 
G 1 3 2 1 3 
H I 3 1 4 1 
I 1 2 4 2 ] 
J I 1 7 0 1 
K 0 6 0 ] 3 
L 0 5 2 2 1 
M 0 4 5 0 1 


grading is the sum of the busy-hour traffics for the 
various groups. It is further assumed that the traffic 
on all groups is approximately the same. Under these 
conditions it was found that the average number of 
calls lost per hour was as follows :— 


Grading 22A 1-5 calls 
Grading 22B 1-15 calls 
Grading 22C 1-25 calls 
Grading 22D 2-2 calls 


So far as traffic-carrying capacity is concerned, 
therefore, grading 22B appears to be the best, the others 
following in the order 22C, 22A and 22D. A study of 
the diagrams representing these gradings will show that 
in 22B the numbers of individuals, pairs and commons 
are very nearly equal. In 22C the agreement is not 
nearly so good, but in 22A and 22D only two methods 
of commioning are represented, there being no pairs in 
22A and no commons in 22D. From these tests, then, 
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it would be deduced that the best grading is the one 
in which there is a smooth progression from individuals 
to commons. This general result has been confirmed 
by a large number of tests on gradings with various 
numbers of groups, but so far it has not been possible 
to obtain an infallible method of finding the best grading 
by inspection. In gradings with a large number of 
groups there may be several gradings which appear 
equally smooth to the eye, as well as a large number 
not smooth. In such cases tests have shown that the 
traffic capacity of these “ equally smooth" arrange- 
ments is very nearly the same, so that it is immaterial 
which is used. Should it be desired to find absolutely 
the best grading by means of tests, such tests need 
only be made on the '' smooth ” arrangements. Table 4, 
for example, shows all the possible 16-group gradings, 


TABLE 5. 


Trafic Capacity of 4-group Gradings. 
(Standard grade of service.) 


Amount of traffic Number of switches AYSA rir oe 
3-43 10 0-343 
10-0 94.5 0-408 
19-0 28-5 0-421 
13-72 40 0:343 
TABLE 6. 


Trafic Capacity of 10-group Gradings. 
(Standard grade of service.) 


Amount of traffic Number of switches Avaa trafic per 
3-43 10 0-343 
15-0 33-5 0-448 
21-0 46-5 0-452 
30-0 72 0-417 
34-3 100 0-343 


for 53 outlets, which satisfy the principles laid down. 
In a 16-group grading there are 5 possible ways of 
multipling the contacts, according as they are joined 
as individuals, or commoned in pairs, fours, eights, or 
sixteens. An inspection of the table indicates that 
gradings B, G, H and I are all good ones. It is there- 
fore immaterial which is used, although it would 
probably be found that B is better than the others. 

In order that gradings shall be smooth, it is best to 
choose a number of groups having several factors, 
especially even numbers such as 10, 12, 16 and 20. 

Tests have been made on a large number of 4-group 
and 10-group gradings with the results shown in 
Tables 5 and 6, which apply to the best grading for 
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each number of switches. They are plotted, together 
with those of 2-group grading tests for comparison, in 
Figs. 26 and 27. With each number of groups there is 
first an increase in average traffic capacity per switch 
as the number of outlets increases, and then a decrease. 
As would be expected, the maximum value of the average 
traffic per switch increases with the number of groups, 
and so does the number of outlets corresponding to 
this maximum value. For 4-group gradings this 
maximum value is approximately 0:42 and occurs with 
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Fic. 26.—Traffic capacity of gradings. 


about 25 outlets; for 10-group gradings it is approxi- 
mately 0-45 and occurs with 50 outlets. 

From a study of these curves it will be deduced that 
2-group gradings are satisfactory if the number of out- 
lets required does not exceed 15, 4-group gradings are 
satisfactory if the number of outlets required does not 
exceed 25, and 10-group gradings if the number does 
not exceed 50. It will be noticed that the latter number 
is just one-half the maximum possible number of outlets 
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Fic. 27.—Average traffic per switch for various gradings. 


from the grading, namely 100. Speaking generally it 
may be said that no grading should be used, if it can 
be avoided, in which the actual number of circuits 
required to the next rank of switches exceeds half the 
maximum possible number. An 18-group grading, for 
example, should not be used when more than 90 circuits 
are required. This rule may be departed from in the 
following cases where the number of groups is small; 
thus 2-group gradings may be used for a maximum of 
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15 outlets, 4-group gradings for a maximum of 25, and 
6-group gradings for a maximum of 32 outlets. If the 
rule is departed from in other cases, a loss in trathc 
capacity will occur, and the tables and curves given 
later will not apply. These specific data are, of course, 
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with reference only to the gradings of 10-contact 
switches. 

A further study of Fig. 26 will show that the curves 
are very approximately straight from 10 switches until 
the point of maximum traffic capacity is reached, and 
that they lie very approximately on the same line. 


TABLE 7. 


Comparative Test of Direct and Reversed Gradings. 


Average lost calls 


Grading per bour Grade of service 
20A 2.1 l in 94 
20Ax 4:5 ] in 44 
20B 1-9 1 in 104 
20Bx 4-0 ] in 50 
20C 2.1 ] in 94 
20Cx 3.4 ] in 58 
20D 3-1 l in 64 
20D (theoretical) 1 in 60 


Similarly in Fig. 27 it will be seen that the value of 
the average traffic capacity per switch is tending towards 
a constant value so that there is no great advantage in 
very large gradings. 

Summarizing, the best effect from a grading of the 
type described is only obtained if, first, the grading 1s 
'" smooth," and, second, the number of groups is so 
chosen that the number of outlets does not exceed half 
the maximum possible number. In practice, the 
number of groups to be adopted for any given case 
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will depend on other factors; it should always, if 
possible, be at least equal to the value found as 
above. 

In the preceding it has been assumed that gradings 
can only give the best effect if they are so designed 
that individual switches are tested first and commons 
last. Tests have been made to verify this point. The 
tests were carried out on 4-group gradings with 20 out- 
lets to the next rank of switches. There are four 
possible gradings, but one—20D—consists simply of 
10 pairs and is therefore the same when reversed. The 
actual gradings are shown in Fig. 28, reversed gradings 
being distinguished by the letter “ x ” after the grading 
code. Thus 20Ax is the same grading as 20A, but 
tested in the reverse order. Each grading was tested 
with 10 traffic units, and the results are given in Table 7. 
The figures show that in each case the loss is appreciably 
greater when the grading is tested in the reverse order. 
Bearing in mind that grading 20D consists really of 
2 simple groups of 10, it will be clear that, the loss 
with reversed gradings being greater than with 20D, 
the traffic capacity of the switches is actually reduced 
by grading when a reversed grading is employed. 


(7 DrsicN CURVES USED Bv THE Post OFFICE FOR 
PURE CHANCE TRAFFIC. 


The theoretical treatment of grading problems is a 
matter of considerable difficulty because of the lack of 
uniformity in the groups which reach different switches. 
It has recently been undertaken by Merker, but his 
expressions are extremely tedious to evaluate even for 
small gradings. 

On the other hand, to make sufficient tests by either 
artificial or actual traffic to produce design curves for 
all the cases met with in Post Office practice is a matter 
requiring many months of labour, especially in the case 
of actual traffic. In order, therefore, to obtain such 
curves as were required as quickly as possible, a com- 
bination of the two methods was adopted. If this has 
resulted in curves which may be called empirical, it is 
at any rate felt that this method of attack gave the 
data required with a maximum of accuracy in a minimum 
of time. i 

As a theoretical basis, the treatment by Erlang of 
his own method of interconnecting was first investigated. 
It has been previously stated that Erlang claims that 
this is the most efficient that can be devised, from the 
point of view of traffic-carrying capacity. Without 
necessarily supporting this claim it was thought desirable 
to use his method as a standard with which to compare 
various grading schemes. Now Erlang’s detailed for- 
mula is a complicated one and requires considerable 
time and care in evaluation. For large groups, however, 
an approximate solution has been reached which is very 
simple. Those who wish to pursue the matter further 
will find both the accurate and the approximate formula 
given in the paper by the present author entitled “ The 
Influence of Traffic on Automatic Exchange Design," 
previously referred to. The information quoted there 
was given for publication by Dr. Erlang, and is, the 
author believes, not published elsewhere except in 
Danish. It is there shown that the accurate formula 
gives very nearly a straight line. 


The approximate formula is this: If A be the amount 
of traffic (in traffic units) carried by N switches with a 
&rade of service, or proportion of lost calls, equal to B, 
and each call can test a maximum of k switches out of 
the total of N (that is, k is the availability), then these 
quantities are connected by the relation B = (A[N)*, 
when A and N are both very large. In other words, the 
average traffic carried per switch, A/N, is equal to the 
kth root of the grade of service, or BY, The following 
is a simple, if not a rigid, proof of this expression: 
By the method of interconnecting, the amount of traffic 
carried by each switch tends to conform to the average 
amount, that is, to A/N. When a call tests any switch, 
the chance of its finding that switch engaged is AfN. 
If A is very large, then the distribution of traffic is not 
appreciably changed by the withdrawal of the amount 
of traffic carried by this switch. The chance of a 
second switch being found engaged is therefore also 
A/N. Hence, the chance of a call finding both switches 
engaged is (A/N)*. Pursuing this reasoning to & 
switches, which is the maximum number that any call 
can test, the chance of the call being lost, which is the 
same as the chance of its finding all k switches engaged, 
is equal to (A/N)*, as given above. It must be em- 
phasized that this method of reasoning only holds when 
A is infinitely great, though it is approximately true 
when A and X are great compared with k. The inter- 
pretation of the equation just found is that as the 
traffic and the number of switches increase, the curve 
showing the relation between them for a constant grade 
of service tends to become coincident with a straight 
line passing through the origin, and having a slope 
(A/N) = BV‘, As the true interconnecting curve is 
approximately straight, this at once suggests a means 
by which a design curve for interconnected switches 
and any availability may be easily determined. Clearly, 
the interconnecting curve must depart from the “ full 
availability ’’ curve at the point where N = k, because 
for any number of switches not exceeding & full avail- 
ability is obtained. The method is then simply to draw 
a straight line through this point with a slope equal to 
BM*, Such a line will not, of course, pass through the 
origin. 

A concrete case will illustrate the method, and the 
case where the availability k is equal to 10 will be 
chosen as this is the commonest. 

Then, for a grade of service of 1 in 500, 


AJN = Buk = (0-002)1/10 = 0-537, 


That is, the ultimate value of traffic per switch 
which can be obtained by interconnecting with 10- 
contact banks is 0-537. A straight line through the 
origin with this slope is shown as curve A in Fig. 29. 
(Since N is plotted as ordinate, the actual slope of the 
curve as drawn is equal to N/A = 1/0:537 = 1-86.) 
The full-availability curve for the same grade of service 
is shown as curve B in Fig. 29, and a straight line parallel 
to A and passing through the point on B corresponding 
to N = 10 is shown as curve C. The accurate inter- 
connecting curve for this condition is indicated by 
crosses. It will be seen that curve C nowhere deviates 
very much from this line. 
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Since for N = 10, A = 3-43, the equation to curve C 
is clearly 
(A — 3-43)/(N — 10) = 0-537, 
A = 0:537N — 1:94, 


or N = 1-864 + 3-62. 


It has been said that curves obtained in this way 
apply very approximately to Erlang’s scheme of inter- 
connecting. Grading does not conform with the con- 
ditions laid down in Erlang’s theory, and therefore it 
is not to be expected that his results will apply without 
modification to the grading case. But the author 
thinks it is reasonable to expect that a grading curve 
will have the same general characteristics as an inter- 
connecting curve. Under full-availability conditions, 
the average traffic per switch continually increases 
with the size of group. The maximum traffic that a 
switch can carry, however, is 1 traffic unit, and hence 
the traffic curve tends to become a straight line with a 
slope equal to unity. We have just seen that under 


whence 


N° of switches 


Traffic units 
Fic. 29.—Interconnecting curve. 


interconnecting conditions the average traffic per 
switch also tends to become a constant value less than 
unity, the actual value depending on the availability 
and the grade of service. Remembering also that 
grading cannot possibly give such high traffic capacities 
as full availability, we conclude that the average traffic 
per switch under grading conditions will not exceed 
unity but must tend towards some lower value. It is 
not unreasonable, too, to assume that the grading curve, 
after it leaves the full-availability curve, will be approxi- 
mately straight. These assumptions are borne out by 
the experiments already mentioned and illustrated in 
Figs. 26 and 27. 

The next step is to compare the results obtained by 
actual grading tests with the interconnecting curve. 
This was done by comparing the results obtained by 
artificial traffic for a fairly large number of switches 
with the interconnecting curve. It was found that the 
traffic capacity obtained by grading was considerably 
less than that obtained theoretically by Erlang's scheme 
of interconnecting. A new design curve was therefore 
drawn, passing through the same point on the full- 


availability curve as before, but having a reduced slope 
as determined from the grading tests. This curve was 
then compared with the results of grading tests for other 
values of traffic, and good agreement found. 

Similar methods were adopted for 20-contact and 
24-contact gradings. In each case it was found that 
the percentage increase in the average traffic per switch 
obtained by grading was little more than half that 
obtained by interconnecting. 

There is another way of estimating the traffic capacity 
of gradings which is described in Rückle and Lubberger's 
book ''Der Fernsprechverkehr als Massenerscheinung 
mit starken Schwankungen," and has also been developed 
in the Post Office. In Lubberger's method, however, 
allowance is made for the fact that the actual busy 
hour may be different for different groups, and there- 
fore the total busy-hour traffic for several groups will 
be less than the sum of the busy-hour traffics for the 
separate groups. Up to the present this effect has not 
been taken into account in the investigations described. 


(8) VARIATIONS IN TRAFFIC DISTRIBUTION. 


“ Smoothing effect” between lst and 2nd selectors.—In 
all the foregoing it is assumed that we are dealing with 
pure chance traffic. Where this is not the case other 
considerations must enter. But first it will be asked— 
“ What is pure chance traffic?" A first reply which 
will be investigated in slightly more detail is that pure 
chance traffic is trafic occurring when a call is as likely 
to originate at any one instant as at any other during 
the period under consideration. Such a condition can 
only apply to a small portion of the day—usually 
considered to be the busy hour—and even then is liable 
to be upset by various incidental circumstances. If, 
for instance, a subscriber makes two calls in the busy 
hour, these calls cannot be in progress simultaneously. 
In other words, the time at which the second call 
originates is governed to some extent by the first. 
Again, a fire or breakdown of power supply will cause 
many calls which would not otherwise have been made, 
and the tendency is for such calls to be simultaneous. 
But the effect of the conditions mentioned is com- 
paratively small, and tests have shown, very approxi- 
mately, that the calls originated by subscribers during 
the busy hour are as likely to originate at any moment 
of that hour as at any other—in other words, the traffic 
is pure chance. 

But what happens to traffic within the exchange ? 
Before a call can be connected to the required subscriber, 
whether in the same exchange or any other, it passes 
many switching points, and at each of those switching 
points the traffic undergoes some alteration. 

Considered as a whole, of course, the traftic undergoes 
no change in distribution as it passes through the 
exchange. Except for the comparatively few calls 
which fail at some stage due to shortage of switching 
plant, to faults, or to abandonment, all calls follow in 
the same sequence and at the same intervals. The sum 
total of calls on all 2nd selectors in a single junctionless 
exchange, for example, is the same as that on all Ist 
selectors, and the proportion of simultaneous calls of 
various numbers is the same at both stages if we con- 
sider the whole traffic. When outgoing and incoming 
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junctions are taken into account, the actual calls at 
any one stage are not identical with those of other 
stages, but, broadly speaking, the distribution of traffic 
is not altered. 


pre-selector scheme used by Messrs. Siemens Brothers 
and others. The diagram shows the way in which the 
banks of 20 groups of subscribers’ pre-selectors—each 
group having a common multiple—are joined to 2nd 
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But when the various groupings of Ist selectors or 
of 2nd selectors are considered, then this equality of 
distribution need hold nolonger. Assuming, forinstance, 
that we have a volume of pure chance traffic, and wish 
to distribute it among various groups of switches, we 
can imagine the distribution effected either by a chance 
method, or by a definite selection. As an illustration, 
suppose that 1 000 calls occurring within an hour, and 
with an average duration of 3-6 minutes, need to be 
divided among 10 groups; we can either in imagination 
draw counters for each call in order to determine which 
group shall take any given call or we can use our 
judgment and not leave the matter to chance. We 
might, for instance, say that calls shall take the various 
groups in definite relative order. In the latter case the 
number of calls in each group would be exactly 100; in 
the former it would average 100, but would vary from 
group to group. But, more important still the pro- 
portion of time during which any given number of calls 
existed simultaneously would be very different in the 
two cases. The average traffic per group will be the 
same in each case, namely, 100 x 3-6 ~ 60 = 6 traffic 
units. The difference in distribution can beillustrated by 
curves such as those in Fig. 30, which show the proportion 
of time during which exactly 0, 1, 2, etc., calls are in 
progress simultaneously for pure chance distribution in 
curve A, and for '' selected ” distribution in curve B. 

In the latter case the distribution is much smoother, 
and it is therefore to be expected that fewer switches 
would be required to carry it at subsequent stages than 
would be required for pure chance traffic. But, though 
we can imagine calls being distributed in this selective 
way, it is not possible actually to accomplish such 
selection in practice. We can, however, exercise some 
discrimination by means of the trunking scheme shown 
in Fig. 31, which illustrates the well-known Ist and 2nd 
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Fic. 30.—Traffic distribution curves. 
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pre-selectors. Each bank contact of a lst pre-selector 
is joined to a 2nd pre-selector in a different group, so 
that the calls from one row of lst pre-selectors are 
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Fic. 31.—Trunking between Ist pre-selectors, 2nd pre- 
selectors and Ist selectors. 


spread among all the groups of 2nd pre-selectors. The 
bank multiple from 2nd pre-selectors to Ist selectors 
is straight, so that the distribution of traffic over a 
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shelf of 10 Ist selectors is exactly the same as that 
over a row of 20 2nd pre-selectors. When the calls are 
scattered in this way it is to be expected that the distri- 
bution of calls over any shelf is smoother than would 
be the case for pure chance traffic of the same volume. 
The effect is increased by the group control arrangement 
which prevents calls from coming into any row of 20 2nd 
pre-selectors when all the outlets from this row to Ist 
selectors are engaged. As is well known, the arrange- 
ment is almost equivalent, so far as trafhc capacity is 
concerned, to '' full availability ’’ over 100 Ist selectors, 
because any call may reach any one of those 100 selectors. 
The distribution of 6 traffic units on one shelf of selectors 
in this case is shown in curve C of Fig. 30. 

Effect of this on trafic capacity.—It would appear, 
then, that we can determine whether a given traffic is 
smooth or not by analysing it, plotting a distribution 
curve, and comparing it with the same volume of pure 
chance traffic. But is there any easier way of showing 
what is meant by “smoothness ” ? The author has 
tried to do this by using the function which statisticians 
call the ‘‘ standard deviation." The standard deviation 
is found as follows: For any distribution curve, the 
mean value of the function plotted (in this case the 
number of simultaneous calls) is determined by well- 
known methods. If, then, d represents the deviation of 
the function from the mean, and fg represents the 
relative frequency of this deviation, then the standard 
deviation is y [(E fad) /(£fa)]. By the use of the standard 
deviation, an idea is gained of the divergence of the 
function from its mean value without respect to sign. 

From this definition we can readily find the standard 
deviation for pure chance traffic. For, if we take total 
originated traffic, the proportion of r simultaneous calls 
is given by the Poisson expression Jf, = (A'/r!)e—4 
where A is the traffic. The mean value of the number 
of simultaneous calls, as we saw earlier, is A. Therefore 
the standard deviation is given by 
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In other words, the standard deviation of pure chance 
trafic is equal to the square root of the trafhc, and 
therefore increases absolutelv but decreases relatively 
as the traffic becomes greater. This is in accordance 
with common experience and explains why large groups 
of circuits will carry more traffic per circuit than small 
ones—the relative magnitude of the extremes of traffic is 
less. It will be recalled that some of the early empirical 
expressions for the traffic capacity of switches made use 
of a term involving 4/A, that is the standard deviation ; 
they were, therefore, designed to take care of deviations 
from the mean traffic amounting to some constant 
times the standard deviation. In Fig. 30 the standard 
deviation for curve A is 2-48 (4/6 = 2-45), for curve B 
0-87, and for curve C 1-72. 

(9 INFLUENCE OF SMOOTHING EFFECT ON DESIGN 
CURVES. 


The smoothing effect has been described with respect 
to a second pre-selector scheme, and it has been shown 
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Fic. 32.—Traffic capacity of switches under various condi- 
tions. Standard grade of service. 


A @ full availability. 

B = switches served from graded banks of 24-contact pre-selectors ; pure chance 
trae. 

C = Switches served from graded banks of 10-contact Ist selectors receiving 
trathe as in B. 


D = switches served from graded banks of 20-contact Ist selectors receiving 
traffic as in B. 

E = switches served from graded banks of 10-contact selectors ; purc chance 
trafic. 

F = switches served from graded banks of 20-contact selectors ; pure chance 
traffic. 


that the traffic on each shelf of 1st selectors is smoother 
in distribution than a similar volume of pure chance 
trafic. This smoothness in distribution will persist 
when the traffic is split up among the various levels of 
the Ist selectors. That is, the traffic on each group of 
the circuits to 2nd selectors will be smoother than pure 
chance traffic, and fewer 2nd selectors will be required. 

Clearly the same effect will be felt whenever the Ist 
selectors carry a high average of traffic, and therefore 
the same effect may be anticipated when the Ist selectors 
receive traffic from the graded banks of 24-point pre- 
selectors. As the average trattic carried by the Ist 
selectors under these two conditions is approximately 
the same, the amount of the effect will probably be 
the same also. Tests have been made to determine 
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the amount of this effect, and from the results design 
curves for these conditions have been obtained by the 
method described in Section (7). The experiments 
showed, curiously enough, that the traffic curve for 
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Fic. 33.—Average traffic per switch for various sizes of 
group under various conditions. Standard grade of 
service. 


A = full availability. 

B = switches re from graded banks of 24-contact pre-selectors; pure chance 
trafhc. ‘ 

C = switches served from graded banks of 10-contact Ist selectors receiving 
trafic as in B. 

D = switches served from graded banks of 20-contact Ist selectors receiving 
trafic as in B. 

E = switches served from graded banks of 10-contact selectors; pure chance 
tratiic. 

F = switches served from graded banks of 20-contact selectors; pure chance 
traíhic. 
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TABLE 8. 


Trafic Capacity of Switches under Various Conditions. 
(Standard grade of service.) 


$ Traffic capacity under condition 
18 i 
Ej- A B C D E F 
1 0-002 
2 0-065 
3 0-25 
4 0-53 
5 0-90 
10 3-43 9-43 9:43 
15 6-58 6-11 5: 66 
20 | 10-07 8:80 | 10-07 7°89 | 10-07 


24 | 13-01 | 13-01 | 10:95 | 13-00 9-67 | 12-57 
25 | 13-76 | 13-67 | 11-48 | 13-74 | 10-12 | 13-20 
30 | 17-70 | 16-99 | 14-17 | 17-40 | 12-35 | 16-32 
40 | 25-70 | 23-63 | 19-54 | 24-73 | 16-81 | 22-57 
50 | 33-90 | 30-27 | 24-91 | 32-06 | 21-27 | 28-82 
60 | 42-40 | 36-91 | 30-28 | 39-39 | 25-73 | 35-07 
70 | 61:00 | 43-55 | 35-65 | 46-72 | 30-19 | 41-32 
80 | 59-40 | 50-19 | 41-02 | 54-05 | 34-65 | 47-57 
90 | 67-90 | 56-83 | 46-39 | 61:38 | 39-11 | 53-82 
100 | 76-40 | 63-47 | 51:76 | 68-71 | 43-57 | 60-07 


2nd selectors under these conditions was practically 
identical with that found for pure chance traffic with 
Erlang's scheme of interconnecting. This really means 
that the increased traffic capacity due to the smoothing 
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effect just counterbalances the decreased traffic capacity 
due to the fact that grading is not so good as Erlang's 
system of interconnecting. That these two effects 
counterbalance is, of course, a coincidence. By this 
means the traffic capacity of 2nd selectors has been 
determined both for the case where the Ist selectors 
have 10 contacts in the bank and where they have 20 
contacts in the bank. 

More refined tests will probably show that the smooth- 
ing effect persists beyond the 2nd selectors, but probably 
in a considerably reduced degree. On account of the 


TABLE 9. 


Average Traffic Per Switch for Various Sizes of Group 
Under Various Conditions. 


(Standard grade of service.) 


Average traffic per switch under condition 


Number of 
switches 


o | ce | cee | Sees | ees | ee 


1 | 0-002 
2 | 0-033 
3 | 0-083 
4 | 0:133 
5 | 0-180 
10 | 0-343 0-343 0-343 
15 | 0-439 0-407 0:377 
20 | 0-504 0-440 | 0-504 | 0-395 | 0-504 
24 | 0:542 | 0:542 | 0-456 | 0-542 | 0-403 | 0-524 
25 | 0-550 | 0-547 | 0-459 | 0-550 | 0-405 | 0-528 
30 | 0-590 | 0-566 | 0-472 | 0-580 | 0-413 | 0-544 
40 | 0:643 | 0:591 | 0-489 | 0-618 | 0-420 | 0-564 
50 | 0:678 | 0-605 | 0-498 | 0-641 | 0-425 | 0-576 
60 | 0-706 | 0-615 | 0-505 | 0-657 | 0-429 | 0-585 
70 | 0-729 | 0-622 | 0-509 | 0-667 | 0-431 | 0-590 
80 | 0-743 | 0-627 | 0-513 | 0-676 | 0-433 | 0-594 
90 | 0-754 | 0-631 | 0-515 | 0-682 | 0-435 | 0-598 
100 | 0:764 | 0-635 | 0-518 | 0-687 | 0-436 | 0-601 


wide variation in conditions between 2nd and 3rd 
selectors, depending on the number of levels in use on 
Ist and 2nd selectors, no attempt has yet been made to 
allow for the smoothing effect beyond the 2nd selectors. 

There are thus six principal traffic curves used for 
exchange design in the Post Office; these are A the 
full-availability curve, B the curve for estimating Ist 
selectors when these are served from the graded banks 
of 24-contact pre-selectors, C and D curves for estimat- 
ing 2nd selectors served respectively from the graded 
banks of 10-contact and 20-contact Ist selectors (receiv- 
ing traffic as in B), and E and F curves for estimating 
switches served from the graded banks of 10-contact 
and 20-contact selectors in all other cases (pure chance 
traffic). These curves are shown in Fig. 32, and in 
tabular form in Table 8. In order to show how the 
average traffic per switch increases with the size or 
group, gradually tending towards a maximum value, 
Fig. 33 and Table 9 are given. 

These figures clearly show how the maximum attain- 
able value of traffic per switch increases with the 
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availability, or the number of contacts in the bank. 
This is still more clearly shown in Table 10 and Fig. 34, 
the curve in which relates to pure chance traffic. 


TABLE 10. 


Variation of Maximum Traffic Per Switch Attainable by 
Means of Grading with the Availability. 


(Pure chance traffic. Standard grade of service.) 


Maximum attainable 


Availability tratlic per switch 
1 0-002 
9 0-039 
3 0-106 
4 0-175 
5 0-238 
6 0-292 
7 0-339 
8 0-380 
9 0-425 

10 0-446 
15 0-557 
20 0: 625 
94 0-664 
95 0:671 


Though all design curves are calculated for both 
components of the standard grade of service, namely, 
1 lost call in 500, and 1 lost call in 100 with a 10 per 


Maximum attainable 
tratfic per switch 


0 4 8 12 16 20 24 28 
Availability 


Fic. 34.—Variation of maximum traffic per switch attainable 
by means of grading with the availability. Pure chance 
traftic : standard grade of service. 


cent increase of traffic, it has been found that in all 
cases actually applying in Post Office automatic ex- 
changes the former condition is more severe. 


(10) MEASUREMENT OF TRAFFIC AND TRAFFIC 
OVERFLOWS. 


In order that the operating administration may be 
able to keep in touch with the behaviour of an automatic 
exchange from the traffic standpoint, it is necessary to 
take records of the traffic occurring in different parts 
of the exchange and also of the calls which fail to 
mature on account of shortage of switching plant. 
More definitely, traffic records—other than records of 
subscribers’ meters—are required for three purposes, 
(1) in order to measure the grade of service given over 
various routes, so that early steps may be taken to 
provide relief where necessary, (2) in order to measure 
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the trafhc passing over various routes and thus to 
obtain figures required for extending the exchange to 
cater for normal growth, and (3) for general statistical 
purposes. 

(1) Records required in order to ascertain the grade of 
service being given.— These are of three classes, (a) con- 
gestion or last-contact meters, (b) overflow meters, and 
(c) analysis meters. 

(a) It will be realized from what has gone before 
that for any grouping of switches the amount of trafhc 
lost for any given volume and distribution of total 
traffic is exactly determinate. The same is true of the 
traffic carried by each individual switch in the grouping. 
Hence the trafhc carried by anv one of these switches 
may be used as a measure of the traffic carried by the 
whole, and also of the lost traffic. The relation between 
these three quantities is verv involved and difficult to 
find, but, once dctermined, is available for all time. 
When the arrangement of a grading is considered, the 
most convenient switch for the measurement of trattic 
is seen to be the one connected to the last contact of 
the grading, because this is to some extent affected bv 
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Fic. 35.—Congestion and overflow metering circuits. 


the traffic on all the groups in the grading. As a 
measure of the total trathe carried by the grading, the 
number of traffic units (rather than the number of calls) 
carried by this last contact is required. This trattic is, 
however, very small and therefore one or two calls of 
abnormal duration might easily lead to wrong conclu- 
sions. The circuit is therefore designed to measure in 
addition the number of calls carried by the switch; 
the ratio of the two quantities is the average holding 
time of calls carried bv this switch. Fig. 35 shows the 
actual circuit arrangement. The private wire of the 
last contact of the grading is connected to a meter, A, 
and battery ; the meter is therefore operated once (bv 
means of the earth which is then connected to the 
private contact) for each call carried by the switch 
connected to this last contact. In the local circuit of 
meter A is a second meter, D, the circuit of which 
includes contacts closed for a few seconds everv half- 
minute. Such contacts are included in practicallv all 
automatic exchanges as thev are required in connection 
with the exchange alarm scheme. Meter B therefore 
records the average number of times the switch concerned 
is engaged at half-minute intervals, that is, the rcading 
of meter B divided by 120 is the traffic carried bv the 
switch in traffic units. The ratio of the reading oí 
meter B to that of meter A is the average duration in 
half-minutes of calls carried by the switch. One dis- 
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advantage of using the last-contact switch for traffic 
measurement is that it carries a very small amount of 
trafic; the readings of the meters therefore vary con- 
siderably, and must be continued for a long period 
before they give a reliable indication of the traffic on 
the whole grading. 

(b) Calls which fail to find a disengaged outlet are 
recorded on an overflow meter (meter C in Fig. 35). 
Each shelf of selectors has an eleventh contact in the 
private bank on all levels, and this contact is multipled 
over the same shelves as the tenth. The overflow 
meter is connected to this contact and therefore records 
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meters are provided on the basis of one set of 12 for 
exchanges up to 3000 lines, and two sets of 12 for 
larger exchanges. The analysis U-link strips shown in 
Fig. 36 are located (one for each level) at the bottom 
of the selector board terminal assembly. 

As stated earlier, the relation between total traffic, 
last-contact traffic, and overflow traffic is an involved 
one. Fig. 37, however, which shows the traffic carried 
by the last contact for gradings of different sizes, when 
the traffic is such that the grade of service is 1 in 600, 
may be of interest. The gradual increase of traffic as 
the size of grading increases is quite marked. 


Fic. 36.—Arrangement of RN meter strip, level 1. 


When it is desired to analyse the overtlows occurring, the large U links are removed and smaller ones (shown dotted) inserted to connect each pair 
of shelves with a separate analysis meter, 


calls which fail to find an outlet in that particular 
grading. This meter remains operated as long as the 
calling subscriber remains on the line. Should a second 
call fail to find an outlet in the same grading, it will 
not be recorded. As is well known, the calling sub- 
scriber in both these cases will receive the busy signal. 
The error due to this “ overlapping ” of busy calls will 
be negligible as long as a good service is given. 

(c) Should any particular overflow meter record a 
large number of lost calls, it does not necessarily follow 


by last contact 


Trafficunits carried 
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Fic. 37.— Traffic carried by last contact of a grading. 
Standard grade of service. 
om, 
that additional switching plant is required. A possible 
cause is that the total traffüc is unevenly distributed 
among the various groups and that the bulk of the 
overflows are occurring on one shelf. Means are there- 
fore provided for analysing these overflows. The 
commoning of the eleventh private-bank contacts men- 
tioned above is made through U links as shown in 
Fig. 36, so that all are normally connected to the one 
Overflow meter. When it is desired to analyse the 
Overflows, the large U links are removed and replaced 
by small ones which connect the eleventh contact for 
each pair of shelves to a separate analysis meter. By 
these means it is possible to determine what is best to 
be done in the event of relief being necessary. Analysis 


(2) Measurement of traffic passing over various voutes.— 
These measurements are based on the fact mentioned 
several times, that the traffic carried by any group of 
switches is equal to the average number of switches 
simultaneously engaged. This number can be deter- 
mined quite easily in many cases by actual observation, 
the number of engaged switches being recorded at 
convenient intervals (usually 4 minute to 3 minutes) 
and the average found. This method has the advantage 
that the traffic carried by each switch can be deter- 
mined if desired, and the distribution of traffic over the 
grading is then known. Though a large number of 
records have been taken by this means it is tedious, 
and an automatic method of counting the switches has 
been devised. The circuit is shown in Fig. 38. Two 
25-contact rotary line switches are employed, one having 
7 levels and known as the testing switch, the other 
having 3 levels and called the controlling switch. A 
maximum of 120 private wires (from 120 switches) are 
connected in order to the bank contacts of levels 1 to 
6 of the testing switch, the corresponding wipers being 
connected to contacts 1 to 6 of level 1 of the controlling 
switch. Level 2 of the controlling switch is used for 
starting and stopping the test, the wipers of this. switch 
normally resting on contacts 25 or 13. The recorder is 
driven by an earth connected, by means of a clock, to 
the start wire every half-minute. When the earth is 
connected to the start wire, the controlling switch 
driving magnet is energized and on release (the pre- 
selector being reverse-acting) steps the wipers on to 
contacts 1 or 14. Relay A is then connected to No. 1 
wiper of the testing switch. .Level 3 of the controlling 
switch controls the driving circuit of the testing switch. 
This driving circuit consists of a special micrometer 
relay (H) arranged to interact with the driving magnet 
of the testing switch. Rotation of the testing switch is 
produced as follows : The earth from the bank of level 3 
energizes the driving magnet which, when fully operated, 
opens its interrupter springs (IC) which normally short- 
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circuit relay H. When this occurs H energizes, operating 
the relief relay HR and thus opening the circuit to the 
driving magnet. The latter releases, stepping the 
wipers of the testing switch one contact. H is once 
more short-circuited by the interrupter springs and it 
therefore releases, opening the circuit to HR, which in 
turn closes the circuit to the driving magnet. This 
cycle is repeated and the wipers of the testing switch 
are driven round continuously. Relay HR is introduced 
to slow down the speed of rotation. As the wipers of 
the testing switch rotate, a circuit will be completed 
for relay A whenever wiper No. 1 reaches an earthed 
private wire. Relay A operates the meter to record 
this fact, at the same time completing another short- 
circuit across H. Stepping therefore cannot take place 
until the meter has operated fully, energized relay B 
and opened this short-circuit across H. This prevents 
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supplied with one of our large automatic exchanges. 
Satisfactory results were obtained from it and, in 
consequence, a number of British manufacturers were 
asked to tender for a similar instrument. Among 
several tenders received, one by Messrs. Nalder Brothers 
and Thompson was accepted. Their instrument, too, 
has given very satisfactorv results. In each case the 
instrument consists of 10 electromagnets which, when 
current is passed through them, deflect (in the case of 
the Esterline meter) and mark (in the case of the Nalder 
instrument). One electromagnet is connected to each 
switch in the group under observation, and by measure- 
ment the total time of occupation of cach switch can be 
determined. 

These instruments, like the automatic recorder just 
described, are supplementary to the normal trafhc- 
recording arrangements at an exchange. Their final 
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Fic. 38.—Traffic recorder circuit. 


faulty metering occurring if two adjacent private wires 
happen to be engaged when tested. When the testing 
switch reaches contact No. 21 an earth is placed on 
No. 7 wiper, stepping the controlling switch. Wiper 
No. 2 of the testing switch is now connected to À and 
the 20 private wires on this level are tested. In this 
manner all six levels are tested until finally the wipers 
of the control switch are stepped to contact "7 or 20, 
and rotate automatically either to 13 or to 25. The 
earth connected to the driving circuit is now removed 
and the testing switch is stopped. The test is now 
completed and the apparatus is in a position to repeat 
the test immediately an earth is placed on the start 
wire. Owing to the method used to guard against 
improper traffic metering, the speed of rotation will 
vary slightly according to the number of contacts 
engaged, and to the exchange voltage. Extreme values 
are 17 seconds and 243 seconds. 

For groups of not inore than 10 switches, 10-pen 
recording meters have been used. The first of these 
to be used was one of the Esterline (American) pattern 


place in the trathic-recording scheme is not yet decided. 
Illustrations of the Esterline meter are shown in Figs. 39* 
and 40 * and of the Nalder instrument in Fig. 41.* 

(3) Measurements required. for general statistical pur- 
poses.— Under this head are included measurements of 
the total calls passing over various routes through the 
exchange. Such measurements are required for design 
purposes, for determining the ratio of day to busy-hour 
trattic, and for various statistical returns. The basis of 
these metering schemes is that the 10 selectors on a 
shelf have a common battery feed for the release circuit. 
A meter may therefore be connected in this circuit, 
either through the local contacts of a relay or through 
contacts on the release magnets themselves. Such a 
meter will operate whenever any of the 10 selectors is 
released ; the chance of 2 selectors in a group of 10 
releasing simultaneously is very small. If all the sub- 
scribers’ lst selectors have meters fitted on this basis, 
the total originated traffic in the exchange may be 
measured. ‘The incoming junction traffic can be 
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similarly measured on the incoming junction selectors, 
while the outgoing junction traffic can be measured at 
the distant end of the junctions whether they be to 
manual or to automatic exchanges. A Serious dis- 
advantage of the first of these readings is that con- 
siderable error is introduced into it by permanent loops 
and other transient switch engagements which are not 
due to real traffic. In director areas this difficulty is 
practically overcome by providing one meter per director 
for measuring the total originated traffic, and meters on 
all the local lst numerical selectors for measuring the 
local] traffic. 

Metering schemes for measuring the traffic destined 
for a particular exchange but passing over a route 
= which it shares with other traffic have been devised. 
As, however, they have not yet been tried under work- 
ing conditions, it is premature to describe them in 
detail. | 

In the Post Office, as in many other administrations, 
recording ammeters were regarded in the first place as 
the most suitable means of traffic recording. Trials, 
however, revealed several drawbacks to their use. The 
bulkiness of the records is one great disadvantage, but 
more important is the extreme tediousness of their 
analysis. To measure the total volume of traffic from 
an ammeter record involves not only a planimeter 
operation, but a calibration of the instrument which 
will vary with the exchange voltage. A further defect 
in the early days was the difficulty in entirely eliminating 
"sluggishness " from the movement of the ammeter 
needle, but this has been overcome in later patterns. 
Again, as has been pointed out previously, it is important 
to learn not only the magnitude but the distribution of 
trafüc. Recording ammeters do not lend themselves 
readily to such measurements on an extensive scale. 

Such being the experience of the Post Office, it is 
interesting to learn that extensive use is made of record- 
ing ammeters in Amsterdam. The first difficulty is 
overcome by using washable celluloid charts which can 
be used over and over again, while any chart of special 
interest can be photographed. It is understood that 
the difficulty of voltage variation is not experienced 
because the exchange battery is floating on a power 
supply. It is possible that the differences in distribution 
referred to cause no difficulty in Amsterdam, but of 
their importance in this country there is no doubt. 
The traffic arrangements at Amsterdam are, however, 
very comprehensive, and traffic studies in that city have 
been raised to a fineart. The author has to acknowledge 
the courtesy of Dr. Maitland, the Chief Engineer, who 
explained the scheme to him during a recent visit to 
Amsterdam. 


(11) Use or TRAFFIC METER READINGS. 


The interpretation of the traffic records obtained by 
the means described often requires considerable ex- 
perience, on account of the accidental errors which may 
occur. If, for instance, in the automatic traffic recorder 
Shown in Fig. 38, the connection between the recorder 
and one of the switches is imperfect, it is possible that 
all the traffic on that switch will be missed, and the 
fault will not reveal itsclf. It is in this respect that 
automatic traffic-recording differs from automatic test- 


ing; the latter can be (in fact is) so designed that the 
tester is stopped whenever a fault occurs. Again, 
traffic records are liable to be affected by ordinary 
routine testing operations ; when the switch connected 
to the last contact of a grading is routine-tested, for 
instance, the congestion meter associated with it may 
be operated several times. It is unreasonable to expect 
a switch attendant to count the number of calls made 
on switches which he tests, and the most satisfactory 
course which has so far been found is to ignore traffic 
records taken during periods of routine or other test- 
ing for the switches concerned. Mr. Wheeler, of the 
Engineer-in-Chief’s Office, G.P.O., has devised an 
automatic routine tester and combined with it a traffic 
recorder on the lines of the automatic recorder already 
described. The great advantage of his scheme is that 
routine testing and traffic recording cannot take place 
simultaneously—-either one cuts off the other. 

In this connection the two meters in the last-contact 
or congestion metering circuit are helpful. As pre- 
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Fic. 42.—Traffic distribution chart. 

The figures against each circuit show the average traffic carricd by that 
circuit. Total circuits working = 35. 
viously stated, the ratio of the readings of the two 
meters gives the average holding time (in half-minutes) 
of calls carried by the last switch of the grading. If 
this holding time is very high it indicates one or more 
calls of very long duration, and it is therefore not 
possible to estimate the total traffic at all accurately. 
If, on the other hand, the holding time is very short, 
the cause will probably be found in a number of transient 
calls which are not real traffic; these may be due to 
routine tests, to repeated calls for an engaged line, or 
some other abnormal cause. 

As an example of the results obtained by the manual 
method of measuring traffic, Fig. 42, showing the traffic 
carried by each outlet in a grading from one level of 
lst selectors at Official Exchange, may be of interest. 
As will be expected, the individual outlets carry most 
traffic. It will be seen that the total traffic carried by 
the group of circuits is 11-6 traffic units, as against 
14:6 which the group may be expected to carry with the 
normal grade of service. Noticing further that the last 
contact carried no traffic during the period of observa- 
tion, and remembering that the total number of calls 
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in this period (10 hours) was approximately 4000, it 
will be seen that the grade of service is exceedingly 
good. The record was taken shortly after a rearrange- 
ment, in which some allowance was made for growth of 
traffic; hence the exceptionally good grade of service. 

Records taken by these means on all the groups in 
an exchange may conveniently be summarized on a 
trafic diagram such as that shown in Lig. 43. This 
diagram bears the results of a traffic record taken at 
Ipswich during August and September 1926. Each 
group was observed for a period of 2 busy hours per 
day for 5 days and the records for the busier hour for 
each of the 5 days were averaged. In order to economize 
staff the records were not taken all at one time, but 
were spread over a period of 4 weeks. On the diagram 
the traffic carried on each route is shown against the 
route. It will be found possible by this diagram to 
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place, the literature of the theoretical development of 
trunking is now so extensive that a critical review of 
the present position would take up far more space than 
can be allotted in a paper of this kind. Second, the 
subject itself is scarcely suitable for discussion at a 
meeting such as this. Third, there are many problems 
which present such great obstacles to theoretical solution 
that other methods must be sought. This is especially 
true of grading problems where the essential dissym- 
metry in the treatment of switches forms a particularly 
grave hindrance to theoretical treatment. 

(2) A note on probabilities —Some confusion of 
thought is often manifested with regard to probabilities, 
more especially as to what constitutes a large probability. 
Whether we consider a probability to be large or small 
depends almost entirely on what is the event the 
probability of which is concerned. If, for instance, we 
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Fic. 43.—Traffic diagram, Ipswich. 


obtain a check between the traffic passing into a group 
of switches and the total traffic passing out over the 
various levels of these switches. 

If desired, the theoretical traffic carried by each 
group may also be added to the diagram, to facilitate 
the detection of cases in which groups are either over- 
loaded or under-loaded. The conclusions deduced by 
these means should be compared with those reached 
from a study of the congestion and overflow meters. 

There is a possibility of apparent contradiction 
between these conclusions on account of the distribution 
of traffic over the groups of a grading being uneven. 
This can be checked by means of diagrams such as 
Fig. 42. 

Successive diagrams of the kind shown in Fig. 43 
render possible a watch on the growth of traffic. 


(12) ConcLuDING REMARKS. 
(1) Theory.—A perusal of the foregoing will reveal 
that little space has been given to the theoretical side 
of trunking. There are several reasons. In the first 


find from records that the probability of having such a 
fine series of bank holiday week-ends as we have been 
favoured with during 1926 is 1 in 50, we should say 
that the probability is a small one, because it means 
that most of us can expect to experience only one such 
year in a lifetime. 

Such a probability applied to the calls lost at any 
switching stage of an automatic exchange owing to 
shortage of switching plant would rightly be regarded 
as large. 

Again, a probability of 1 in 10000 in connection 
with the expectation of a fatal railway accident would 
be regarded as large ; applied to the overall loss due to 
shortage of plant in an automatic exchange it would be 
unreasonably and uneconomically low. 

But it is not only in connection with lost or delayed 
calls that we are concerned with probabilities in an 
automatic exchange. For instance, the power wiring to 
any particular switch rack must be designed with 
respect to a certain number of simultaneous engage- 
ments among the switches on that rack. The probability 
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of all switches on a rack being engaged is generally 
exceedingly small. Assume that in a particular instance 
the probability is 1 in 1 000 000—it could still be antici- 
pated once a year with a board containing 200 switches, 
or, more accurately, such a condition could be expected 
to obtain for a period of 2 seconds during the year. 
As to whether it is economical—in the broad sense—to 
make provision for this probability, or, alternatively, 
what probability should be allowed for, is a matter 
which is outside the province of this paper. It must 
be emphasized, however, that the probability need not 
bear any relation to the probability of a call finding all 
available outlets engaged at one switching stage. 
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DISCUSSION BEFORE THE INSTITUTION, 2 DECEMBER, 1926. 


Mr. W. H. Grinsted : What impresses me most in 
the paper is the importance which attaches nowadays 
to the duration of the call. The conditions in the 
automatic exchange are very different from those in 
the manual exchange in that respect. The basis of the 
whole of the design, as stated in the paper, is the traffic 
unit. In the traffic unit, as the author points out, the 
number of calls and the duration are equally important, 
but I am not sure that those who collect statistics for 
design, and who prepare the figures on which the design 
is based, realize that sufficiently. I think that more 
should be done to emphasize the importance which the 
duration of the call now possesses. Let me give one 
example. Take 10000 calls, of which 85 per cent are 
effective and 15 per cent ineffective. Assume an 
average duration of 2 minutes for the effective calls 
and an average duration of 20 seconds for the ineffective 
calls. In manual work the ineffective call is almost as 
important as the effective call. The 8 500 effective calls 
however, amount to 283 traftic units, while the 1 500 
ineffective calls amount to 8-3; that is to say, the 
15 per cent of ineffective calls is practically negligible 
when turned into traffic units. The author has tried 
to assign a dimension to the traffic unit. I think he 
would be more nearly correct, practically if perhaps 
not theorctically, if he gave it the dimension of a “ time ” 
instead of a ''numeric." It would certainly suit the 
first meaning (i) assigned on page 188 to A, where it is 
regarded “ as representing the total circuit time occupied 
in carrying C calls of an average duration T,” and it 
would help to emphasize the importance of the duration. 
A little confusion arises because we have in English 
only one word for the call. We use the word “ call ” 
for the actual moment of calling, that is, the momentary 
event of commencing the call, considered without 
reference to duration. We use the same word also for 
a call considered with the idea of time behind it, that 
is, including the conception of duration. In automatic 
telephony it is the second meaning which is of the 
greater importance. The first meaning is used onlv 
when the proportion of lost calls is being considered. 
On account of the importance which duration now 
possesses, the traffic-metering arrangements described 
at the end of the paper are a little disappointing, because 
duration is apparently the only thing that is not metered, 
except by the temporarily operated traffic-recording 
circuit shown in Fig. 38. Permanent arrangements 
are provided for metering practically everything celse. 
I am not going to suggest that we should add to the 
complications of traffic-metering further equipment for 
metering duration; but I do think with regard to 
clause (3) on page 210—'' Measurements required for 
general statistical purposes "—that the record which is 
required is the record of the traffic units, and not so 
much of the number of calls, and I suggest that the 
*' totalling " traffic meters should be replaced by per- 
manent equipment arranged to record traffic units. 
lhe number of calls could be estimated sufficiently 
closely from readings of subscribers' meters. I should 
be glad if the author could give a little more information 


with regard to the two-fold grade of service which has 
been adopted. I understand that the Post Office have 
adopted a two-fold grade of service of 1 in 500 not to 
fall below 1 in 100 with 10 per cent overload. The 
explanation the author gives is that the overload 
capacity of the large groups is not so great as that of 
the small. In other words, if the same percentage 
overload be applied to a large group as to a small, the 
service will degenerate to a greater extent with the 
small group than with the large. That is true, but it 
seems to me that in the first place the overload is 
much less likcly to occur with a large group which 
embraces traffic from various sources and often going 
in various directions than with a small group, which 
probably carries traffic of more or less the same 
nature. Then, again, since only temporary overloads 
are under consideration, the difference between a grade 
of service of 1 in 500 and 1 in 100 is not likely to be 
appreciated by the individual subscriber—and I think 
it is the individual subscriber who is of importance 
here. Then, again, as the author shows, this considera- 
tion has effect only with large groups, so it does not 
affect the design throughout but only a certain portion 
of it. I think the 10 per cent overload must be fixed 
in a somewhat arbitrary wav. Overloads of 25 or 30 
per cent are, of course, possible and with such over- 
loads the large and small groups would suffer, so far 
as the subscriber is concerned, very much to the same 
extent. Altogether, therefore, the two-fold grade of 
service seems to me to be a somewhat unnecessary 
refinement. It is very interesting to see that the 
author's experience has so far tended to confirm that 
the straightforward grading shown in Fig. 19, and other 
gradings of that type, are the most efficient and that 
nothing is to be gained by reversing the grading as 
shown in Fig. 28. It seems to me that that result is to 
be expected; but the position is not quite so clear 
with regard to the gradings of the type shown in Figs. 
20 and 22. "There seems to be an idea that if the traffic 
can be mixed sufficiently, some of the fluctuations are 
eliminated. I should be very interested to know if the 
author agrees with that opinion, because I rather think 
it is a fallacy. It seems to me that the fluctuations 
depend almost solely on the actual volume of the traffic, 
and not on the origin or destination of it; that is to say, 
if traffic be mixed up from several groups, as attempted 
in Fig. 20, the improvement is very little more than if 
each part of the traffic had been kept in its own group, 
subject to the groups being of the same size. If any- 
thing can be done to increase the virtual size of the 
group, there is some benefit to be gained, but as far as 
I can see the only advantage which can accrue from 
the complicated arrangements of Figs. 20 and 22 is 
where there are unequally loaded sub-groups in the 
grading. The effect then might be to correct any loss 
of efficiency due to the unequal loading such as the 
author illustrates in Fig. 42, where the trafüc on the 
first choice of one sub-group is 0:650, and on the nest 
one 0-376. The latest idea in gradings seems to be 
an arrangement in which the commons are arranged 
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in the middle, i.e. on the central choices. The idea 
seems to be that the individuals provided at the 
end catch up any calls which might otherwise be 
lost. Has the author had experience with gradings of 
this type ? In regard to the inequality of the traffic 
over the sub-groups, the author suggested that to meet 
that condition he would provide one more individual 
in the busy sub-group and common up one of the indi- 
viduals existing in any underloaded sub-group. Is that 
the orthodox method contemplated for adjusting 
gradings to traffic, or is it the intention to keep to a 
uniform and ideal grading as far as possible and try to 
adjust the incoming traffic ? It seems to me that if 
too much in the way of adjusting the grading to the 
traffic is permitted, pulling off commons and putting 
on individuals here and there, gradings are likely to 
get rather mixed and it would be difficult to show that 
the most efficient gradings are in use. I should like 
to ask what is the basis of the traffic actually used in 
design by the Post Office. As we know, the traffic 
varies according to the day of the week to some 
extent, and it varies also according to the season of 
the year. lt is rather necessary, when starting out 
to design an exchange, to choose the basic figure 
carefully. Is the traftic to be taken during the busiest 
day of the busiest month of the whole year—that does 
not seem to be right—or is the average over the whole 
year to be taken ; or do the Post Office take the average 
Íor the busiest hours during the busiest period ? This 
has an important bearing on the provision of plant, 
because if the busiest time is to be taken, a lower grade 
of service may be designed for than if the average over 
the whole year be taken. 

Dr. T. H. Turney : Has the author ever made use of 
purely graphical methods in calculating the traffic 
characteristics of graded systems ? There would appear 
to be three methods in current use : first, that of making 
actual observations on graded systems by means of 
traffic meters ; second, mathematical treatment of the 
whole subject; and third, some system of artificial 
traffic. Each of these schemes has its inherent dis- 
advantages. In the first, the equipment must be 
installed before any experience can be gained. Mathe- 
matical treatment suffers from the disadvantages that 
the primary assumptions made are not necessarily 
valid, and that the complexity of the calculations 
tends to obscure the issue and renders discussion 
dithicult. The disadvantage of the third method is 
that the actual problem is so complicated that only a 
complex scheme of artificial traffic can adequately 
represent it. It has occurred to me that grading 
problems could be approached with considerable 
simplicity and some certainty on purely graphical lines, 
working from actual traffic observations taken on any 
exchange. The whole problem of telephone traffic is 
very similar to that of power station peak load, where 
the peak of a combined load is less than the sum of the 
peaks of the individual parts of the load. In general, 
whenever a number of irregular curves are added 
together, the resultant curve possesses less irregularity 
than the separate components. This is of great 
importance in cross-talk estimation, which may be 
cited as a typical illustration of this type of problem. 
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Observations on traffic have indicated that calls tend 
to originate during the busy hour in a chance manner, 
and from this statement alone a graphical method of 
analysis can be evolved. Any record of busy-hour 
traffic observations may be considered as consisting of 
a number of elements or vertical strips of the graph 
paper on which they are plotted. Then the difference 
between two sets of observations with the same origi- 
nating trafic in each case will lie in the different 
arrangements of the vertical elements of the graphs. 
If therefore a graph plotted from one set of observations 
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is cut into strips, and if these are arranged in order of 
magnitude, a resultant curve should be obtained which 
represents all possible observations on the amount of 
traffic corresponding to the observations concerned. 
Tig. A may be taken to represent a typical series of 
observations on a group of subscribers. When this 
curve is cut into vertical strips and these are arranged 
in order of magnitude, Fig. B results. It may be that 
different sets of observations would, when so arranged, 
produce rather different resultant curves. The resultant 
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curve should then be taken, not from one set but from 
many sets of observations suitably averaged. The 
resultant curve would almost certainly be slightly 
different for different districts; this alone is of value 
if true. When this curve is applied to an ungraded 
system it is only necessary to rule horizontal lines 
across it to determine what proportion of the traffic 
falls on each choice, the areas between the parallels 
giving the required information. These curves would 
appear to be invaluable in the case of graded systems. 
Take the case of two individual choices and a commoned 
third choice as shown in Fig. C. The portion ABCD 
of the curve shown in Fig. B represents the traffic from 
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each source coming on to the common third choice. 
It is necessary therefore to combine two such curves as 
ABCD. How will they combine? We have to 
remember that each of these is a true representation of 
actual experience, with the sole proviso that the ele- 
ments of each of the curves may be arranged in any 
time order. If then both these curves are cut into 
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vertical strips, and if these are taken two at a time to 
form the strips of a new curve, this new curve will 
represent a possible combination of the other two, 1.e. 
a possible distribution of the traffic to the third choice. 
Even with only a few strips, many such possibilities 
arise, and each of these is equally as likely as the rest. 
Suppose each of the primary curves to be cut into 
five parts, and the ordinates of these to be 0, 1, 3, 4, 6. 
Then the ordinates of the resultant curve could be 
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0, 2, 6, 8, 12, or 6, 5, 6, 5, 6, or any one of the many 
combinations possible. Al these ordinates may now 
be imagined in ascending order of magnitude and will 
produce a curve which is the true sum of the first two, 
or the traffic in form and volume which passes to the 
third choice. Fig. D shows the type of curve which 
results. The traffic actually carried by the third 
choice is given by the bottom strip of this curve, i.e. 
LMNP. This procedure can be carried out for each 
choice of a graded field, and the traffic to each choice 
as well as the actual loss can thus be determined. The 
amount of arithmetical work is much less than would 
be apparent at first sight ; and the fact that the whole 


thing is built up stage bv stage, from actual data, 
without making any arbitrary assumptions regarding 
the time distribution of the tratfic, would appear to be 
a strong recommendation for the method. 

Mr. A. J. Chanter: The author has given us his 
assumptions but in many cases has not given any 
of the reasons which justify their use. For example, 
he states that after investigating the various theories 
put forward, that associated with the name of Erlang 
seems to him to meet the conditions existing in this 
country better than any other. This may be so, but 
for my part I should have liked to hcar a few of 
the reasons which made him arrive at that conclu- 
sion. Again, in that section of the paper dealing with 
grading, tables are given showing the results of tests 
made by him on various gradings bv means of 
artificial traffic. Can he give us any idea as to how 
far these results can be accepted as agreeing with 
actual conditions and as to whether other investigators 
in the same field have reached the same conclusions ? 
In that section in which he discusses the influence 
of smoothing effect, curves are given showing the 
actual traftic per switch under various conditions, 
including full availability and using graded 10-group 
and 20-group Ist selectors. The increase in average 
traffic due to using 20-group instead of 10-group Ist 
selectors is very noticeable. The importance of this 
cannot, 1 think, be over-emphasized, especially as, 
from a circuit point of view, 20-group hunting can 
be easily achieved with Strowger switches. Towards 
the end of the paper the author mentions the way in 
which the rejected traffic is measured by means of 
meters operated by ll-step contacts on the 10-group 
levels. He states that it is true that when overlapping 
cccurs, only one of the lost calls is registered, and 
asserts that that will not matter if the grade of service 
is good. I quite agree, but, unfortunately, the trathe 
records set out to prove that the service is good, and 
the greater the error due to overlapping, the better 
the traffic records make the service appear in com- 
parison. In his concluding remarks the author touches 
upon the rather vexed question of power wiring in an 
automatic exchange. It may be of interest to state 
that a detailed investigation into the maximum current 
demand which may be expected from the various units 
in an exchange has been made. Various assumptions, of 
course, had to be made, such as the number of switches 
in use, etc., and the Molina tables were used to find 
the maximum number of switches lkely to be taking 
the peak current. Experience alone, of course, will 
show how far the various assumptions were justified. 

Mr. W. J. Thorrowgood: The author, in his open- 
ing remarks, refers to the importance of automatic 
telephone systems. The fact is that automatic tele- 
phones are in reality automatic; for instance I would 
mention in passing that in the 1 000-line automatic 
telephone switch we have installed at Waterloo station. 
for the first three months there were only 22 failures 
of any kind. Considering that there are 40 000 con- 
tacts in that exchange, I think that is a very good 
result. I think that the three methods given by the 
author are bad in that they all tend too much to 
economy. In other words, they all aim to reduce to à 
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minimum the number of trunks or channels. Now, 
the automatic telephone system is not going to be 
judged by the times of least use, but bv the times 
when the traffic is at its maximum. At times of 
least use it is possible to complete a call with very 
great ease and quickness. I rather deprecate the 
efforts that manufacturers and designers are making 
to curtail the number of passages through which 
the calls can be taken from one subscriber to 
another. The paper mentions about 1:5 or 1-25, 
and, in one case, 2 calls per 1000 are missed. From 
my experience as a user, the number of calls that 
are missed is greater than that, owing to insufficient 
channels or inefficient grouping. The designers must 
cater not for the average but for the maximum number 
of calls if they are to make the automatic telephone 
a success and useful to the community, especially to 
the railway companies. It is not uneconomical to be 
liberal in the provision of channels, as if it is desired 
to extend the automatic telephone switch at a future 
time, owing to the increased number of subscribers, it 
will then be much easier and less costly to provide for 
the increased number of connections to the system. 
Mr. J. A. Mason: On page 187 the author states that 
in practice the proportion of calls lost due to shortage 
of switching plant is always very much smaller than 
the loss due to the required subscriber being engaged. 
Can he state what percentage of calls are lost on Post 
Office automatic exchanges due to (a) the called sub- 
scriber being engaged, (b) the called subscriber failing 
to answer, (c) the call being abandoned by the calling 
subscriber before completion, and (d) the calling sub- 
scriber dialling the wrong number, and do these per- 
centages differ greatly from those for manual exchanges ? 
From his remarks at the foot of page 191, the author 
appears to favour the principle of a centralized link 
frame, but from an economical point of view the frame 
should be as near the banks as possible, and for 
flexibility the whole of the contacts in the bank 
multiple should appear, so that traffic changes which 
necessitate additional circuits or new levels being brought 
into use can be carried out with minimum change. 
These are attained in the decentralized link frame or 
link frame terminal assembly developed by the Auto- 
matic Telephone Manufacturing Co. for use in the 
London area. In view of the fact that the graded 
groups are comparatively small and that tie circuits 
are provided between selector boards which are liable 
to have circuits in the same grading, the decentralized 
link frame seems to give all the flexibility required. 
From a maintenance point of view, the Post Office 
system of grading lends itself to the tracing back of 
calls more readily than that of Dr. Lubberger illustrated 
in Fig. 22. The author points out on page 199 that 
Post Office experience indicates that the individual 
circuits should be tested first and the commons last, 
whereas in Germany this does not seem to be the case. 
Can he give any reasons for the difference ? Referring 
to page 201, what considerations limit the size of a 
graded group? Is it limited by the reduction of 
insulation resistance when a large number of contacts 
are multipled together, or by capacity, or by the 
difficulty in tracing calls back? With reference to 


Fig. 28 it is not clear why the grade of service should 
differ for direct and reversed gradings for the case shown 
as 20D. Are the design curves illustrated in Fig. 32 
suitable for use when traffic is passing over only a 
small number of levels, say levels 2 and 4 in a 
5-digit non-director exchange, or in practice is a 
modification introduced ? For example, if the origi- 
nating traffic is 56-83 traffic units from Table 8, col. B, 
90 Ist selectors are required. If now the traffic divides, 
90 per cent passing over level 2 and 10 per cent over 
level 4, then, from col. C, 51-15 traffic units require 
approximately 100 2nd selectors for level 2, and 4-68 
traffic units require 13 2nd selectors for level 4. This 
arrangement gives 90 Ist selectors, trunking into 100 
2nd selectors on level 2. In the extreme case where 
the traffic passes over one level of Ist selectors, appa- 
rently for 90 Ist selectors, 113 2nd selectors would be 
provided, which does not appear to be correct. When 
a system of grading such as that illustrated in Fig. 19 
is adopted, it is obvious that the switches associated 
with the early choices will carry the bulk of the 
normal traffic, and the late choices will only be brought 
into use when the peak load is reached. The wear 
on the former switches will therefore be greater than 
on the latter. Again, it is a well-known fact that 
switches which are only brought into use occasionally 
are more liable to develop faults due to dirty contacts, 
etc. Is it therefore proposed to change the position of 
the switches on the shelves systematically to overcome 
these difficulties? In connection with congestion 
metering, why do the Post Office consider it desirable to 
have special facilities (i.e. screwed terminals) for 
measuring congestion on medium and large private 
branch exchange groups and not on small private 
branch exchange groups ? 

Mr. W. Aitken: The author has dealt with the 
question of trunking from the Post Ofhce point of 
view, that is, its application to a step-bv-step switching 
svstem, using switches having access to 100 lines or 
trunks, as adopted for London, but this incidentally 
raises a wider issue, viz. the respective merits of small- 
and large-capacity switches, which 1s of peculiar interest 
to telephone engineers the world over. If the use of 
grading causes the access of 100-point switches to 
approximate the efficiency of large-capacity switches, 
then, as the smaller switch is much cheaper and more 
rapid in operation, large switch svstems would appear 
to be unnecessary. Large-capacity switches reduce the 
number of switches, particularly at the final stage, by 
a comparatively small percentage, but their contended 
advantage is that by giving access to large groups of 
trunks the system as a whole is economical. If we 
compare a 100-point and a 300-point final switch we 
find that there are 300 terminals in the former and 
900 in the latter, and the wipers mav be 3 against 30. 
The construction in the latter case must be more 
massive and, consequently, has to be power-driven 
over shafting, instead of being self-contained. If 
there is to be 10 per cent calling into each group of 
100 lines there must be a similar number of switches of 
each type, but if advantage is taken of a varying rate 
in each group then from 25 to 28 may be considered 
sufficient, but on occasions when the rate of calling is 
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equal at busy periods there will be lost calls. In 
comparing the operation of the switches it will be 
found that the average distance of travel will be over 
5 contacts against 15 on a call, and on a disconnection 
there will again be 5 steps in the case of the small 
switch against the equivalent of 45 steps in the case of 
the large switch, which has to make a complete revolu- 
tion to call and return to normal. It will thus be seen 
how great is the interest in the successful operation of 
the new London installation. The author, although not 
the inventor of grading, has made this subject pecu- 
liarly his own and has efficiently performed the part of 
foster-parent. The inventors of the system have done 
little or nothing towards its development or introduction 
to useful service. Mr. Gray, of the United States, 
invented this in 1907, but the specification was not 
published until 1911. ‘In 1911 I was at the Automatic 
Electric Co.'s factory in Chicago when one of their 
engineers mentioned that they were contemplating the 
use of individual and common trunks on switches. In 
1914 Smith and Campbell (A.E. Co. engineers) 
published their book on “ Automatic Telephony," and on 
pages 15 and 16 and in Figs. 16 and 17 describe and 
show the use of individual and common trunks as 
first and second choice, the A.E. Co. using two individual 
trunks as first choice and then access to a common 
group, and the American Automatic Co. one individual 
and then a common group. They add: ‘“ Tests have 
shown that from 50 to 75 per cent of all the calls 
handled by a fairly busy group of ten trunks are handled 
by the first three trunks" on the A.E. Co. system, 
and later add: ‘Individual trunks offer a powerful 
remedy to relieve overcrowded trunk groups." Messrs. 
siemens Brothers' patent was published in the same 
year. This was a communication from Siemens and 
Halske, Berlin. In both publications the method of 
arriving at individual and common trunks is very 
similar, viz. by cutting the wires of a multipled trunk 
and connecting the halves to two trunks. I find that 
the corresponding German patent No. 268020 of the 
7th November, 1912, is in the name of the Automatic 
Electric Co., Chicago. In 1914 my two patents were 
filed for applications of individual and common trunks 
to automatic and manual systems, while in 1915 my 
patent for multi-choice grading was filed. It would 
appear, therefore, that I was the first British worker 
in this field with multi-choice grading, and, probably, 
the first outside the United States, Mr. Gray being 
before me. In Vol. I of my book, * Automatic Tele- 
phone Systems,” published in 1921, before the '' director "' 
was known, I stated: “ It is possible that small switches 
in combination with a special subdivision of the trunks 
may be found quite satisfactory," bearing in mind my 
work on multi-choice grading in 1915. 

Mr. G. H. Nash (communicated): Owing to the fact 
that the subject is still in an experimental stage, there 
are occasions when the adopted procedure seems 
arbitrary and when alternative methods would seem 
to deserve further discussion. The first point concerns 
the grade of service. It seems possible that sub- 
scribers might submit without complaints to a greater 
proportion of lost calls than the greatest arising under 
Post Office standards. In discussing a subscriber's 


action in the event of losing many calls it has to be 
remembered that in general he will not discriminate 
between the '" wanted subscriber busy " calls and the 
lost calls proper. In any case it seems unreasonable 
that, as happens in director areas, certain routes should 
be penalized more severely than others; also that a 
subscriber in a director area should have to wait a 
longer average time for the dialling tone than one in a 
non-director area. These phenomena necessarily result 
from the use of a constant grade of service at each 
stage. In the trunking between line switches and 
Ist selectors, it appears that if 25-point non-homing 
switches were used without grading, the line-switch 
link frame could be dispensed with, while the com- 
plicated problem of allocating the trunks to Ist selectors 
so as to load each shelf equally would be automatically 
solved. The question therefore arises whether the 
saving in switches effected by grading (including that 
due to the increased flexibility of graded groups) 
balances the cost of the link frame and additional 
cabling, and of the extra time required in engineering 
graded groups. Two other questions arise in connection 
with the trunking between subscribers and Ist selectors : 
(1) Has the size of the line-switch bank been determined 
systematically from economic considerations ? and 
(2) has it been proved that line switches are economical 
in comparison with line finders? The provision of 
secondary switches to deal with traffic proceeding 
from selector levels to distant exchanges is a method 
which effects a greater economy in junctions than it is 
possible to obtain by grading. The saving is more 
pronounced if the selectors are 10-group than if they 
are 20-group. The additional cost of the secondaries 1s, 
of course, a counterbalancing factor. This cost may, 
however, be decreased by connecting only the later- 
choice selector trunks to the secondaries, the early 
choices being arranged (if necessary by a form of grading) 
to have high occupancies and to be connected direct 
to junctions. It is recognized that the additional 
trunking complexity is a drawback to such systems, 
but it is thought that their advantages are sufficiently 
noteworthy to justify extensive discussion. The author 
mentions that reversed gradings are in general less 
efficient than direct gradings. The reason for this is 
apparently based on a phenomenon described in a 
previous paper of his, namely, that the traffic offered 
to later-choice trunks is much more uneven in 
character than that offered to early choices. Thus 
the later-choice trunks are less efficient from the 
traffic-carrying point of view than the earlier ones, 
and it is best to arrange to carry as much traffic as 
possible on the early choices. This means that a large 
number of first choices and a gradually decreasing 
number of subsequent choices should be provided. An 
exact theoretical investigation for the case of three 
trunks consisting of two individuals and one common 
trunk arranged in two sub-groups confirms the author's 
result that the direct grading is most efficient and also 
that the reversed grading involves a lower occupancy 
than that obtainable from a group of two trunks. It 
may be of interest to mention another theoretical 
investigation carried out for a system of grading in 
which non-adjacent contacts are commoned. Inci- 
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dentally I had believed this system to be due to Lub- 
berger and am interested to learn that the principle 
was first enunciated in an American patent. In its 
very simplest form 4 sub-groups, which we number 
1, 2, 3 and 4, are used. The scheme consists in the 
commoning of sub-groups 1, 2, and 3, 4, to give 2 first- 
choice trunks, and of sub-groups 1, 3, and 2, 4 to give 
2 second-choice trunks. The 2 second-choice trunks, 
arranged in this manner, have been shown to carry 
more traffic than the corresponding second choices in a 
straight system of trunking. The increase amounts to 
nearly 6 per cent at its maximum, which occurs for a 
total traffic of about 2 traffic units. For 6 traffic units 
the increase is still nearly 3 per cent. As further 
increases could doubtless be obtained by commoning 
non-adjacent contacts in arranging the subsequent 
choice trunks, the advantage to be realized from this 
method is considerable. It may, however, be more 
than balanced by the additional complexity of the 
terminal assembly needed. To enable non-adjacent 
terminals to be commoned it would be necessary either 
to abandon the practice of using bare-wire commoning 
or to introduce a complicated system of staggering of 
the terminals. 

Mr. G. F. O'dell (in reply): During the preparation 
of this paper considerable difficulty was experienced 
in making certain parts of it sufficiently definite to 
avoid vagueness and yet sufficiently broad to avoid 
dogmatism. It is therefore interesting to note that 
both of these defects have given rise to discussion. 
Perhaps it will make the position clearer if I repeat 
at the outset that the paper describes the present position 
of trunking practice in the Post Office Engineering 
Department, and shows on what data that practice 
is based. But, in spite of all that has been done, the 
science of trunking is still, comparatively speaking, 
in its infancy. My purpose was therefore to stimulate 
interest in the subject and to further its development, 
and certainly not to give the impression that the practice 
described represents the last word on the subject. 

While I agree with Mr. Grinsted on the importance of 
the duration of calls, I cannot agree that the metering 
schemes described are inadequate in that respect. The 
congestion metering circuit provides for the measure- 
ment of duration as well as of calls, and the traffic records 
represented bv Fig. 43 are based on measurements of 
traffic units. But the unit for our system of tariffs is 
the call, and while that is so, we must still be interested 
in calls as well as in tratfic units. For that reason, 
measurements of traffic on junction and certain other 
routes (by means of ‘ release circuit " meters) are still 
made in calls and not in traffic units. 

On the dimensions of the traftic unit I think, with 
Mr. Grinsted, that the difference between us lies in 
the inadequacy of the present nomenclature, but it 
is difficult to see how this can be improved. 

There is no question that, within fairly wide limits, 
small groups of switches have a bigger overload 
capacity than large ones. If a group of 10 switches 
carrying traffic at a grade of service of 1 in 500 experi- 
ences an overload of 10 per cent, the service will 
deteriorate to 1 in 300. With a group of 100 switches 
under the same conditions, the service will deteriorate 
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to 1 in 50. The figure of 10 per cent for an overload 
is arbitrary, but any definite grade of service is bound to 
be arbitrary until we can assign a monetary value to 
an improved grade of service and set it against the 
increased cost/of plant involved. The two-fold grade 
OÍ service causes extra work in preparing design curves, 
but none at all in actually engineering an exchange. 
On the other hand the suggestion made by Mr. Nash— 
that different grades of service should be used at ditferent 
stages—whilst it has much to commend it, would add 
to the complexity of exchange design. 

The actual value laid down for the grade of service 
by the Post Office has been criticized by Mr. Thorrow- 
good, who implies that it is not good enough, and by 
Mr. Nash, who considers that a slight degradation of 
service would not be noticed by subscribers. I think 
that the criticisms answer one another; the determina- 
tion of the grade of service is largely arbitrary and of 
the two members named one would adopt a better and 
the other a less generous grade than has been adopted 
by the Post Office. But it is relevant to point out that 
the problem is by no means confined to telephony ; 
railway companies, for example, do not undertake to 
provide all travellers with a seat, even during slack 
hours of the day. 

Several speakers have referred to the various systems 
of grading developed in Germany. I can only reply 
that we have very little information beyond what is 
given in the paper. Although tests have shown that 
reversed gradings are bad, it does not necessarily follow 
that all individual circuits should be tested first and all 
commons last. Svstems such as that shown in Fig. 21 
can be easily applied on the later link frames and 
terminal assemblies and. may prove economical as 
claimed by Dr. Lubberger, although it is not clear 
from first principles why they should. But other 
forms of trunking described, such as those in Figs. 18 
and 22, cannot easily be applied, as Mr. Nash points 
out, to present exchanges. Tests have indicated that 
a slight saving is possible by the method of '' variable 
commoning ” shown in Fig. 18. 

As regards the method of adjusting gradings to 
traffic, it is desirable to keep gradings as far as possible 
symmetrical, but it is not always easy. Trathc for 
different shelves is not distributed over levels in the 
same ratio, and the unit for the formation of a grading 
sub-group (one shelf) is often too large to permit of 
close adjustment of the traffic over the sub-groups of a 
grading. 

Mr. Grinsted also asks on what traffic data design 
is based. The question is a broad one, and the only 
simple answer that can be given is that design is based 
on representative traffic, the definition of which must 
vary to some extent with the exchange. Thus seaside 
towns usually have a long, busy period in the summer, 
and other places only a few days when traffic is very 
heavy. In the former case the summer traffic would be 
called representative, but the greatest traffic in the 
latter case would not be so. 

Dr. Turney has described a most ingenious way of 
obtaining information on traffic distribution. He 
rightlv points out the extreme tediousness of present 
methods, and if his own is an improvement in that 
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respect, it will be very welcome. But in the absence 
of further details I must express surprise that a graphical 
method is more manageable than the ordinary methods 
of investigation. 

Mr. Chanter asks the reasons for the adoption of 
Erlang's theory and for more information regarding 
our artificial traffic tests. I can only refer him to the 
publication quoted in the paper * for the former; the 
latter has been described by Colonel Purves f and by 
the author.? 

I cannot agree with Mr. Chanter that the overlapping 
on the overflow meter is seriously objectionable. If 
the service is below normal we have to bring it back, 
and a slight underestimate of the actual deteriorated 
grade is of little significance. If necessary, a correction 
could be applied. 

Mr. Mason asked a number of questions which 
hardly seem relevant to the subject of trunking. There 
is also considerable risk of misunderstanding in quoting 
figures of service observation without going into very 
precise details of what is and what is not included under 
the various headings. For those reasons I think it 
undesirable to quote actual figures from our service 
observation returns. So far as a comparison can be 
made, the percentage of busy calls in this country is 
slightly less than in the cases he quotes (this may be 
due to bad trade). The percentage of wrong numbers 
from all causes is less, but the chief discrepancy is in 
the '' failed to answer ” and '' abandoned ” calls, which 
are considerably greater than in this country. 

Mr. Mason deduces from page 191 that I favour the 
principle of the centralized link frame. That portion of 
the paper merely states that the centralized link frame 
gives greater flexibility than the link-frame terminal 
assembly. I certainly cannot agree that the latter 
gives all the flexibility desired, unless a very restricted 
meaning is put on the word “ desired." It is a fact 
that switches cannot so easily be distributed over 
shelves (in order to equalize the traffic per shelf) with 
the link-frame terminal assembly as with the link frame. 
Consider, too, the cases where a tie circuit is used. It 
is necessary, when a switch is added, to run two jumpers, 
and to pick up a circuit in a tie cable. With the 
centralized link frame only one jumper is necessary and 
no tie circuit. It should be pointed out, too, that the 
centralized link frame need not be entirely centralized. 
A separate link frame between Ist and 2nd selectors, 
2nds and 3rds, and so on would retain all the flexibility 
of a completely centralized scheme and would result in 
considerable saving in cable. The cases may be com- 
pared approximately to that of a piece of ordinary 
covered wire and a piece of flexible cord. The former 
can be bent into any form that the latter can assume, 
but it is obviously unfair to say that it is equally flexible. 

The figures given in Table 7 have caused some 
misunderstanding. Grading 20D in Fig. 28 gives the 
same loss when tested in either direction. That scheme, 
however, really comprises two separate groups of 10, and 

* Post Office Electrical Engineers’ Journal, 1920, vol. 13, p. 209. 


t Journal I.E.E., 1925, vol. 63, p. 617. 
1 Institution of Post Cffice Electrical Engineers, Professional Paper No. 85. 


the loss can, therefore, easily be calculated theoreti- 
callv. This is the basis of the second figure (1 in 60) in 
Table 7. 

The unequal wear of switches referred to bv Mr. Mason 
is not thought to be a serious matter, and there is no 
intention of changing switches periodically. It mav 
be desirable, however, to increase the frequency of 
routine testing on the first-choice switches. 

On the question of the limit of application of our 
design curves, I agree with Mr. Mason that all cases 
are not accurately covered. Strictly speaking, there 
should be a separate design curve for each path in an 
exchange, but this is impracticable. The curves given 
represent, I think, a reasonable compromise, and as 
such are bound to show some inconsistencies. But the 
example quoted by Mr. Mason hardly supports his case. 
The 90 Ist selectors referred to receive traffic from 
24-point pre-selectors, the 113 2nd selectors from 
10-point selectors. This difference in the “ availa- 
bility " is suthicient to account for different numbers 
of switches being required in the two cases. 

Mr. Mason also asks why special facilities are provided 
on medium and large and not on small private branch 
exchange groups. The answer is that the former are, 
practically, group selectors and _ pre-selectors respec- 
tively, and have the facilities proper to those switches. 
On small “ PBX” groups the same information is 
obtained by other means, but no attempt was made 
in the paper to describe the methods of traffic measure- 
ment adopted for subscribers' lines. 

Mr. Aitken has given some very interesting informa- 
tion on the history of grading. I am glad his more 
extensive experience confirms mine that, although 
grading was invented in America, it was re-invented 
and received its chief development in Europe. The 
inventions of Mr. Aitken and the investigations of 
Messrs. Siemens Brothers are notable contributions to 
automatic telephony which should be placed to the 
credit of this country. 

Mr. Nash has raised several interesting points to 
which it is difficult to reply except in general terms. 
There is no doubt, I think, that the saving introduced 
in Ist and 2nd selectors by grading the subscribers’ 
pre-selectors far more than counterbalances the cost of 
the link frame and the slight additional engineering 
work involved, while the grading scheme can be much 
more readily adjusted to traffic conditions. 

As regards the size of the hne switch bank, the Post 
Office is to some extent dependent on what manu- 
facturers supplv. We have no means of knowing what 
the cost of a pre-selector would be with, say, 15 or 40 
contacts in the bank. The same is true with regard 
to line finders. In most cases small-capacity line finders 
are almost certainly not so economical as pre-selec- 
tors. The 100-point line finder of Standard Telephones 
and Cables, Ltd., was not developed sufficiently early 
to be included in the system which the Post Office 
is endeavouring to standardize for the first London 
exchanges. The advantages of standardization easily 
outweigh a slight difference in capital cost. 
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THE THEORY OF REPEATED NETWORKS.* 


By A. C. BARTLETT. 


(Communication from the Staff of the Research Laboratories of the General Electric Co., Ltd., Wembley.] 


(Paper first received 1st March, and in final form 25th August, 1926.) 


SUMMARY. 


The theory of transmission through a number of tepeated 
networks is worked out from first principles and obtained 
in a simple form that at once reduces to that for artificial 
lines if the networks are symmetrical. 

Some three element artificial lines are described, a number 
of which have the same characteristic impedance as a 
uniform line. 


Networks such as that shown in Fig. 1, which consists 
of an artificial line of three T sections terminated by 
an impedance z can be considered as special cases of a 
repeated network such as that shown in Fig. 2 where 


Fic. 1. 


the rectangles represent networks, identical with one 
another, which may be of any form whatsoever con- 
sisting of resistances, capacities, and self- and mutual 
inductances but containing no sources of e.m.f.; each 


network has two pairs of terminals, T; T$ and TUIS. 

In the case of T or J] section artificial lines, each 
network is symmetrical with respect to its two pairs of 
terminals, but this is not necessarily so in the more 
general case under consideration. Thus in addition to 


the case illustrated in Fig. 2, where T,, Tg are taken as 
sending-end terminals, the case illustrated in Fig. 3, 


where T T. are taken as sending-end terminals, must be 
considered. 

The theory can be worked out by replacing each 
network by an equivalent asymmetrical T or [J]. In 
this paper the theory is worked out from first principles 
and is obtained in a form very similar to that for trans- 
mission through T or [] section lines; but whereas 


* The Papers Committee invite written communications (with a view to 
publication in the Journa! if approved by the Committee) on papers published 
in the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 


with a T or JJ artificial line the knowledge of only two 
constants is required—the characteristic impedance 
and the propagation constant—in the more general 
case three constants are required; two of them are 
analogous to the two constants of an artificial line while 
the third depends on the lack of symmetry of the net- 
work with respect to its two pairs of terminals T4, T2 


and D I. This third constant disappears when the 
network is symmetrical, and the transmission formule 
then take the same form as those for the T or J] artificial 
lines. 

Returning to the simple T section shown in Fig. 1, 
the transmission through such a series of T sections 
depends on the two constants—the characteristic 
impedance Zp and the propagation constant @ which 
can be determined from the formula 


Zo = V(A2 + 24B) . 
Zo tanh 10 = A u"T—9 
Zo[sinh 0-— B 


The theorv takes the same form as that for the uniform 
telephone line except that n, the number of sections, 


T T T T T T, 
, x 
T; 2 7 
$ T: T; T; T; T, 
Fic. 3. 


and @ the propagation constant per section, take the 
place of / the length and P the propagation constant 
per unit length. With these differences the whole of 
the formule for the uniform line such as those given 
in Fleming’s ''Propagation of Electric Currents ” 
[Methuen, 3rd ed., 1919, pages 99 to 101, equations 
(54) to (79)! can be taken over bodily. 

Thus the sending-end impedance of an artificial line 
of n T sections terminated by an impedance z is 


z cosh nô + Zo sinh n0 ; 
"Zo cosh nÜ +zsinhn@ ^^ "^ 7 (2) 


while the receiving-end impedance is 

Zo sinh nÂ --zcoshnÜ . . . . (3) 
these results corresponding to formule (61) and (62) 
on page 99 of Fleming's '' Propagation.” 


Consider now the case of a single network of the 
more general type as in Fig. 4, having connected to the 
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terminals T,, T» a generator of voltage E, through an 


impedance Q, and to the terminals qe T5 a generator of 
voltage E through an impedance Qo. Assign to all 
the meshes of the network circulating currents rj, x», 
0.5. Lm}, to the mesh containing El; £m to the mesh 


Fic. 4. 


containing E», while ro, 73, . . . r4, are assigned to 
meshes inside the network. 

The series of mesh equations can now be written 
down; they will be of the form 


(Qi + a)ri + ajro + H aimn = E, 
A2181 022313 + + Azyty = 0 
Oe te, pe; SR oe Oe ER Gee Se oe, er, ee 
Ari + Gyr + + duca = 0 
Gyjt, d dora ro... d (Q2 + Gum)tn = E» 
In these equations Q, and Qə will only occur once as 
shown, while all the a's will be functions of the impe- 
dances inside the network and will be independent of 
Qı and Qo; further 


Arg = Agr 


First put Qı = 0, Qo = z, EF, = E and Eo = 0; the 
input and output current when a voltage # is applied 


T: T, 


T; T; 
(a) (b) 
Fic. 5. 


to Tı, T» and an impedance z connected to T 'as in 
Fig. 5 (a); can then be determined. 

Solving the equations for xz; and Tm, the required 
currents are 


9 i 
2A dA 
CRI 
QdjjiOdg — AY 
IEEE c M LE . e . (5) 
2 dbi 
prem 
and 
pM 
ai ; 
Lm = ee &. c» o ee (6) 
+ A 
ETT f 
where A is the determinant 
Qil, 212, - Aim 


Q2], 022, . + - A2m 


Ani, m2 - - Amm 


Now put E,20, E= E, Q1, =2 
solve for x, and zı. 


and Q. = 0 and 
These give input and output 


currents when a voltage E is applied to Tj, T and an 
impedance z connected to Ty, T», as in Fig. 5 (b). 


Then 
XA vA) 
Exs <z - s Sac 
Mi, TUM m CO nn 


& 


Xa = = = š è (7) 
S 
[ 
Ze A 
Ody] 
pi 
“Na 
tn] " 
Ti ==. Se ee : i ; 1 : : (S) 
dA 
z—-— d- 
ed] 


Thus the input and output currents, whichever end is 
used as sending end, can be expressed in terms of the 
five constants 


SA 1 OA 1 OA 1 OA 


. . . 
— - m ——— eo —— - 


l 
A od, TN dmm ' 


A da A Yam A Alim 
— vA 
ne — > 
A Od] 


These constants, however, are not independent, for, 
since Ais symmetrical about the diagonal aj40,5,5, 


EE 


and further *: 


XA dA OA dA OA 


— — Ss  — l 


dun eda lnl 


ed 11 Gam 


x 10 
a (10) 


Thus, in virtue of (9) and (10), to determine completely 
the input and output currents three independent 
constants onlv are required. 

Let the sending-end impedance of a network such 
as that shown in Fig. 2 with Ty, T» as input terminals 
and terminated bv an impedance z, be z; if there is one 
section, zo if there are two sections, and so on; let 
zp Z% etc., be the corresponding quantities when Tj, T, 
are taken as input terminals. 

Then from (5) 


aA 

E CEN 
eee ditinm a2 (11) 
SENE A NIME 


ed 1100, AESI 


Thus, as of course is well known, the sending-end 
impedance is obtained, transforming the terminal 
impedance z by a homographic transformation of the 
form 

az -+ b 


w = — .... 4 12 
cz- d a 


The sending-end impedance for two sections terminated 
by z is the sending-end impedance of a single section 
terminated by 2; and is thus obtained by transforming 
z by two successive applications of the transformation. 


* Murr: " Treatise on Determinants " (1522), p. 132. 
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Turning now to the homographic transformation * 


_az+b 
ez +d 


€ 


there will, in general, be two different values of z which 
will be unaltered by the transformation ; these will be 
given by the equation 


| a2 6 
cz 4- d 
or c2? — (a — d)iz—6b = 0 (13) 
If a and P are the two roots of this equation 
| a = (a — d + MHI) T 
B = (a — d — Mo T 
where M = (d — a)? + 4be 
If the points a and f are distinct, then 
w —a (az + b) — a(cz + d) 
w—B (az + b) — B(ez + d) 
(z— a) (a — ca) 
~ (@—B) (a= d 
Es K- — à (15) 
"S Kt 4 4 d — Mi 


" add- Mt 


and is termed the multiplier of the substitution. 

The alternative form of the substitution given in 
(15) has the advantage that repeated application is 
casy. lor 2, the variable after n applications of the 
transformation is then obviously given by 


which, if put in the usual form, becomes 


_ 2(a — BK") + (K^ — 1)aB 
"50 (1 — K^) + (ak* — B). 
In this put 


K = e` — 20 | 
= NT: = ef (18) 
P 
jv/(aB) = Z 
z(enotd 4 a + Z(en$ — e—n6) 
2 cosh (n0 + d) + Z sinh n0 
~ “2 sinh nd + Z cosh (n0 — 4) 


Then 


(19) 


In this form the repeated transformation involves 
three constants, Z, 0 and ¢. 

Comparing the new transformation for the case of a 
single network with its original form given in (11), it is 
seen that 

vA 


00,1005 


Z* = A ~ (20) 


* Forsytu: " Theory of Functions," 3rd ed. (1919), p. 625, 


while K, M, a and f and therefore Ô and ¢ can be 
determined in terms of the impedances of which the 
network is constructed. So far T;, T» have been taken 
as sending-end terminals; let Z’, 6’, ¢’ be the corre- 


sponding constants when T. To is the sending end: it 
is readily shown that 


Z' =Z; W=0; gf =-¢ 

Let Z, and Zy be the impedances of a single network 
measured at the terminals Tj, T» with jum T^ closed and 
open-circuited respectivelv, and let Z. and Z, be the 


, , 
corresponding quantities measured at Ty, T». 
Z, 0 and ¢ can now be expressed in terms of Ze, Zy, 
z and Z, or any three of them. 


9), putting Z = 0 or o, 


sinh@ 9) 
cosh (0 — 4) 
-zZ ob (0 + ¢) 
sinh @ 

, T 0 
7 cosh (0 -+ cosh (8 + d) 


i g cosh i — $) 


F or oin (1 we have :—- 


sinh 0 
From these it follows that 
zZ? = ZZ; = = Z, clf 
Z sinh d = 4(Z, — Z) s < 422) 
Z coth Â cosh fd = MZrp + Zj) 
Considering now receiving-end impedances with T}, T» 
as sending end, let yj, y», ys, etc., be the receiving-end 


impedance of one, two, three, etc., sections terminated 
by z, and let y, y, y, ctc, be the corresponding 


quantities with $5 Ts as sending end. 


Then 
A) A) 
ne (: dA A) rae A 
lmm OU pn 
__ £cosh (0 + $) + Zsinh 8 T 
= cosh ó 5x o 


Consider now ye, the receiving-end impedance of two 
sections terminated by z; the voltage across the input 
of the second network will be the terminal voltage of a 
single network terminated by 2;, and will therefore be 


+ d) + Zsinh 0 
cosh dh 


Ez e zı cosh (0 


From this, applying (23) again, the current through z 
will be 
Ez, cosh h cosh ó 
zı cosh (0 + d) + Zsinh@ zcosh (0 + J) + Z sinh 0 
On substituting for 2, in terms of z this reduces to 


E cosh à 
z cosh (20 + d) + Z sinh 20 
whence 
z cosh (20 + œ) + Z sinh 26 — 


24) 
a cosh $ e 
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Sinularly 
z cosh (nô + d) + Zsinh n8 , 
and 
, | zcosh (n — d) + Z sinh nf 
y= SSN O SES B 


cosh ġ 


Thus the transmission is fully determined in terms 
of Z, 8 and d$, and it is seen that if the network is 


T 


A 


A-Z sinh $ 
B-Z cosh ġ tanh nô 
C -Z cosh $/sinh 16 


T T; 
Fic. 6. 


symmetrical then o = 0 and the result at once reduces 
to the ordinary artificial line form, Z becoming Z,, the 
characteristic impedance, and @ the propagation constant. 

The asymmetrical T and [[ networks equivalent to 
any number of sections such as those shown in Figs. 2 


T: A - Z/sinh $ T; 
B’ =Z coth '4 n&/cosh $ 
C' =Z sinh n &/cosh $ 


Fic. 7. 


and 3 can be found and are shown in Iigs. 6 and 7. 


The asymmetrical T for n sections is shown in Fig. 6. 


The equivalence can be easily established by working 


out the values of Ze Ze, Zr and Zi for this network. 
It will be seen that the n sections of the original 


T, Ty 
D 


E 


T: T, 
Fic. 8. 


network are equivalent to n sections of an artificial 
line the characteristic impedance of which is Z cosh œ 
and propagation constant 0, preceded by a series 
impedance Z sinh $ and followed by a series impedance 


— Zsinh ¢. 
The equivalent asymmetrical [[ is shown in Fig. 7. 


In this case it is seen that the network is equivalent 
to n sections of an artificial line of characteristic impe- 
dance Z[cosh $ and propagation constant 6, preceded 


by a shunt impedance — Z[sinh d and followed by a 
shunt impedance Z/sinh d. 

As an example consider the asymmetrical network 
shown in Fig. 8. 


Here Ze 
Z;-D-4E 
, ED 
Z.-— DE 
and Z, mE 
Thus Z = (DE) 
Z sinh d = 4D 


Z coth Ô coshó = }(D+ 3E) . . (27) 
sinh à = av (;,) 
8-99 — 


Thus the impe.lance of n networks terminated by z is 


whence 


VADE z cosh 3(2n + 1)0 + 4/(DE) sinh n8 
z sinh nU + 4/(VE) cosh $(2n — 1)0 

As a further example consider the bridge network of 

Fig. 9, with the condition that it must be symmetrical. 
It will be symmetrical (6 = 0) if Z; = Zi, i.e. if 
(A + D)(B +C) (A+B) (C+D) 
AB 0D A}B}OFD 

(A — C) (B— D)=0 


thus if either of the pairs of opposite arms are equal 
the network is symmetrical and becomes an artificial 
line section. Putting C = A as in Fig. 10, a simple 
three-element artificial line section is obtained; its 


Fic. 10. 


characteristic impedance and propagation constant are 
determined by 


| A(AB 4 2BD + AD) 
Z tanh @ = Ze= Z= DT 


(4 + B) (A + D) 


TON ou c 28 
ees 1 "4" (2A + B 4 D) Ey 
ə — ,AB -- AD 4 2BD 
9 sU (2A + B+ D) J 
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This artificial line section is of interest as it contains | of such artificial line sections might be used as a line 
the ordinary [I, T and bridge section two-element | balance and have the advantage that r and K are 
artificial line sections as special cases; thus if B = D | independent of S. 


it becomes the ordinary bridge section, if D — 0 a [I Similarly the artificial line section of Fig. 12(b) will 
section and if D = œ a T section. have its characteristic impedance equal to 
C n = + JP 
S + jpC 
f _ JR 
A A TO ESN 
B L 
Ll} = se 
2 (RS) 
y G &.-« 3 
K = zs 
Fic. 11. 24/ (RS) 


An interesting special case of this artificial line is 
when C = 4B; Z then becomes 4/(24B). If now 
A and B are made pure reactances reciprocal with 
respect to some resistance 7, a class of phase-shifting 
C(A? + 24B) non-attenuating networks is obtained the charac- 


4A? + 2AB + C(A + B) teristic impedance of which is r4/2. 
A? + 2AB 4+ C(A + B) 


Zo coth 0 = Z; = —————————————— 29 
o CO 0 f 24 EE C ( ) 
o <AC(A + 2B) 
Z = —————— 
24 +C 
This three-element artificial line obviously contains 
the T and [I] sections as special cases. 
L, (a) ( 


Another form of three-element artificial line is that 
shown in Fig. 11. The characteristic impedance and 
propagation constant are given by 


Zo tanh 0 = Z, = 


Fic. 13. 
T r . 
This special case (C = 4B) also leads to two other 
A interesting artificial lines having 
| Z KK R + oti) 
0 S y 
(a) (b) is + ar) 
Fic. 12. i UE 
as their characteristic impedance. 
They are shown in Fig. 13. 
Two interesting examples of this type of artificial In Fig. 13(a) 
line are shown in Fig. 12. i 
If, in Fig. 12(a), Li, r, and K are given the values A= zE + in| 
L e xe X x 
C x S + jpC | 
24/ (CL = 4B 
REVO S a ou A) i 
R and in Fig. 13(b) 
24/ (CL) | 
2 S+ pe 
TE ; ; l : (33) 
it is found on inserting the values that B = -(R + jpL) 
x 
_ Zo = a/( R + a tip) C=4B 
(s t $24] 


where x can be any positive numerical quantity. 
Thus this artificial line has the same characteristic The propagation constants of all the lines, however, 
impedance as a uniform telephone or transmission line | are ditferent from that of the uniform line, and some 
having constants £, L, S, C per unit length; a number | may be used for attenuation adjustment. 
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ALTERNATING-CURRENT WAVE WINDINGS.** 


By R. G. JAKEMAN, D.Sc., Member. 


(Paper received 21st November, 1925.) 


SUMMARY. 

Simple algebraical formula are developed by means of which, 
with close approximation, the angular positions of the phases 
of wave windings can be calculated. In this wav, the amount 
of asymmetry can be determined in fractional-slot windings, 
d.c. wave windings and windings with extra empty slots. 

Tables are given showing the numbers of extra empty 
slots that can be used, and the positions in which they must 
be placed, in order to obtain practically symmetrical windings. 

Methods are developed for determining the connection 
points of windings, and charts are given, suitable for use 
in practice, for phase windings, both with a whole number 
and a fractional number of slots per pole and phase. 


TABLE OF CONTENTS, 


Introduction.—List of the principal symbols used in 
the paper. 


Section (1).—Comparison of “ phase” windings and 
“d.c. wave " windings. 


Section (2).— Phase windings with all slots wound. 


(a) Whole number of slots per pole and phase. 
(b) Fractional number of slots per pole and phase. 
) Equivalent slot positions or '' escals."' 
d) Position of the parts in the field. 
) Distribution factors. 
f) Examples. 
(g) Tables. 


section (3).— Phase windings with added empty slots. 
(a) Position of the parts in the field. 

b) Distribution factors. 

c) Single-layer windings with extra slots. 

d) Fractional-slot windings with extra slots. 


Section (4).—D.C. wave windings with a — 1. 
(a) Position of the parts with 2 conductors pcr slot. 
(b) Position of the parts with 4 conductors per slot. 
(c) Position of the parts with 6 conductors per slot. 
(d) Distribution factors. 


Section (5).—D.C. wave windings with a > 1. 


(a) Position of the parts with 2 conductors per slot. 
(b) Position of the parts with 4 conductors per slot. 
(c) Ditto with more than 4 conductors per slot. 
(d) Distribution factors. 
(e) Windings with a = p. 
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LIST OF THE PRINCIPAL SYMBOLS USED IN THE 
PAPER, 


a = number of pairs of paths. 
fz = distribution factor of rth part. 
g = number of wound slots per pole. 
q = number of wound slots per pole and phase. 
H = highest common factor of S and p. 
AN = total number of conductors. 
Ny = number of conductors in the first x parts. 
ny = number of conductors in the wth part. 
2p = number of poles. 
S = total number of slots. 
S' = number of wound slots. 
Se = number of extra slots. 
2r = 18, + e8SgbB...-asy 


, , ; 
f, = Uy — Uri + hyoru,— u, ch A. 


-l1 
u, = number of complete rows in the first x parts. 


u = number of sets of rows in the first x parts. 


vy = fraction of a row to complete the first x parts. 
Ir 
y — double conductor span. 
yp = back conductor span. 
yg = front conductor span. 
, 
i= lengthened or shortened front conductor span. 
z 


= number of coil-sides per slot. 
a — angular displacement between consecutive top 
conductors. 
n= number of “ escals.' 


, 


INTRODUCTION. 


In all heteropolar electromagnetic machines, conduc- 
tors are placed round the periphery of one of the members 
or both in order that the required e.m.f. may be induced. 
These conductors then have to be connected together 
by some means so that the e.m.f.'s in all the conductors, 
or sections of them, are added together, in order that the 
required. total c.m.f.'s may be induced. Or, if the 
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conductors comprise an exciting winding, they have to 
be connected in such a way that the currents flow in the 
right directions to produce the required m.m.f. 

The object of all methods of connection is to attain 
this desired end with the greatest simplicity and the 
minimum expenditure of material and space. 

Wave windings have very many advantages over 
other types and are widely used for stators and rotors, 
even for high voltages. They are simple to connect 
and easv to repair, and all the coils in the winding are 
usually alike. 

One great advantage of the wave winding is that 
suitable windings can be found even if the number of 
slots per pole and phase is not a whole number. In 
this way the same stampings can often be used for 
various numbers of poles, thus reducing the necessary 
stock of stampings. Further, it is advisable in some 
cases to suppress the tooth-ripples in the pressure wave 
of an alternator by making the number of slots per 
pole fractional, e.g. when there is danger of telephonic 
interference, or when the alternator is feeding a long 
transmission line. 

Although it is usually possible to produce a wave 
winding to suit any number of slots for any number of 
poles, such windings are not always symmetrical, and 
it is proposed in what follows to determine the amount 
of asymmetry in any winding. 

With the exception of certain cases in Section (3), 
the treatment throughout will refer to two-layer wind- 
ings, but it also applies to wave windings with one 
coil-side per slot, since these can be considered as two- 
layer windings with two coil-sides per slot and half the 
number of slots. 


t 


SECTION (1). COMPARISON OF “ PHASE ” WINDINGS 
AND “D.C. Wave” WINDINGS. 

The above are the two main classes of wave windings 
employed in alternating-current work, and the following 
is a brief comparison of their salient points. 

Phase windings.—This class comprises windings having 
a whole number of slots per pole-pair.* As an example, 
consider a winding with 4 poles, 12 slots per pole-pair 
and 2 conductors per slot, making 24 slots in all and 


Fic. 1.—Phase winding with full span. 


48 conductors. The problem now is to connect up a 
certain number of conductors in similar positions in each 
pole, so that the current flows in opposite directions in 
adjacent poles. 

There are 6 slots per pole, so that slots 1, 7, 13, and 
19 are in corresponding positions in each of the four 
poles. Starting then (Fig. 1) with the top conductor 


* Except in the case of added empty slots, when the number of slots wound 
per pole-pair is a whole number. 


in slot 1, we form the coil so that its other side lies at 
the bottom of slot 7. The front end is then bent to 
join the front end of the coil at the top of slot 13, the 
other side of which lies at the bottom of slot 19, since 
all the coils are alike with a span of 6 slots. Now the 
span at the front was from slot 7 to slot 13, or 6 slots. 
If, therefore, we were to take the same span after slot 19, 
we should come to slot 25 (which isslot 1, since there are 
only 24 slots), but this would mean that we had short- 
circuited the four conductors and could not get any 
further. Hence, it is necessary to alter the span at the 
front after one complete tour of the stator or rotor, in 


Fic. 2.—Phase winding with short span. 


order to connect to the top conductor in slot 2 or in 
slot 24. In Fig. 1, the connection is shown to slot 2, 
which makes a progressive winding. If the connection 
is made to slot 24, the winding is retrogressive. After 
another tour of the periphery, the front span has again 
to be altered to arrive at slot 3 or slot 23, and so on. 
The span at the back, which is determined by the 
coil span used in forming the coils, is not important as 
regards the nature of the winding, but only affects the 
magnitude of the induced e.m.f. The back span may 
be made any value less or greater than the pole-pitch, 
but the front span must be so chosen that the sum of 
the back and front spans (or double span) is always 
equal to two pole-pitches. This is the condition which 


2 coil-sides per slot 


Fic. 3.—Method of numbering coil-sides. 


determines the number of poles in the winding. For 
example, with 24 slots, if we make the double slot span 
8 slots instead of 12, we obtain a 6-pole instead of a 
4-pole winding. 

Fig. 2 shows a back slot span of 1 to 6, or 5 slots, so 
that the front slot span has been made 7 slots, thus 
keeping the double slot span 12. 

D.C. wave-windings.—This class comprises windings 
such as are usually employed with commutators. The 
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windings are not as a rule, however, closed as with 
commutator windings, but are opened at several points 
and connected as required by a few external connectors. 
This, however, does not affect the nature of the windings. 

The well-known rule for the double conductor span is 


2a 


where N is the total number of conductors and y, the 
double conductor span, must be an even integer. As 
in the case of phase windings, the back span may be 
made any value we please, provided the double span is 
correct according to the formula. 

Take as an example a four-pole winding with a — 1, 
N = 38 and 19 slots. We have y = (38 + 2)/2 = 20 
or 18 conductors. Let us take y — 20 and a back con- 
ductor span of 1 to 10 (or 9 conductors). The front 
conductor span is then 11 conductors. Numbering the 
conductors as in Fig. 3 and reckoning in slot numbers, 
we then have 


Back slot span — 4 (1 to 5). 
Front slot span — 6 (1 to 7). 
Double slot span — 10 (1 to 11). 


The winding is then as shown in Fig. 4. 


Fic. 4.— D.C. wave winding. 


We pass from the top of slot 1 to the bottom of slot 5, 
to the top of slot 11 and the bottom of slot 15. Adding 
then the same front slot span (6 slots), we arrive at 
slot 21 (which is slot 2, since there are 19 slots). Hence 
we can now progress round the winding, keeping the 
spans the same throughout. 

The double span in this class of winding is not the 
same as two pole-pitches. In the above example, two 
pole-pitches equal 9] slots, so that the winding is 
advanced 4 slot-pitch in each pole-pair. In general, 
the winding advances l/p slot-pitch in each pole-pair, 
so that in p pole-pairs it advances one complete slot- 
pitch, and thus arrives at slot 2 after a complete tour. 

If the negative sign had been taken, we should have 
had y = (38 — 2)/2 = 18 and the winding would be 
retarded 1/p slot-pitch per pole-pair, arriving at slot 19 
instead of slot 2. 

D.C. wave windings having a > 1 can also be used 
for alternating-current work. In these cases the winding 
advances or retards a/p slot-pitch in each pole-pair, so 
that in p pole-pairs it advances or retards a slot-pitches. 
Thus if a — 2, after one tour of the periphery we arrive 
at slot 3 or the next slot but one behind slot 1. There 
are then a similar windings on the stator or rotor, each 
of which is treated as a complete winding (with certain 
limitations, which will appear later). 


WINDING TABLE lI. 


Phase-winding, three-phase, g = 2, p=2, 2 = 2, 
S = 24, N = 48. All conductors shown. 


1 1 14 25 38 
3 16 27 40 V 
2 5 18 29 42 
7 20 31 u 2 
3 9 23 33 16 
ll 24 35 i8 3 
4 13 26 37 2 
15 28 39 t 4 
5 1 30 41 6 
19 32 430 8 5 
6 21 34 45 10 
23 36 47 12 6’ 


SECTION (2). PHASE WINDINGS WITH ALL SLOTS WoUND. 


Provided the number of slots per pole-pair is a whole 
number, a phase winding may be employed. It is not 
alwavs possible to make a symmetrical winding, but a 
little out-of-balance is not always harmful, especially 
in the case of rotors, and methods will be given in what 
follows of determining the extent of asymmetry of any 
winding. 

(a) Whole number of slots per pole and phase.—The 
simplest form of phase winding is one having a whole 
number of slots per pole and phase, i.e. where the 
number of slots per pole is divisible by the number of 
phases. The example taken above falls under this 
head, for it has 6 slots per pole, making g’ = 2 for a 
three-phase connection and g’ = 3 for two-phase. 

Let us examine brietly the above winding for a three- 
phase connection by means of a winding table. There 
are 24 slots and 48 conductors, the conductors being 
numbered as in Fig. 3, so that the top conductors all 
have odd numbers and the bottom conductors even. 


The top conductor in slot 1 is conductor 1, 
The bottom conductor in slot 7 i5 conductor 14, 
The top conductor in slot 13 is conductor 25, 


so that the back conductor span is 1 to 14, or y, = 13. 
the front conductor span is ] to 12, or ue = 11, and the 
double conductor span is 1 to 25, or y = m, + yr = 24. 
The winding table is then given by Winding Table 1, 
where the figures represent conductor nunibers. 

Each row of the table corresponds to one tour of the 
stator or rotor, so that there are 2p conductors per rov, 
and we see that adding the front conductor span, ll, 
to 38, the last conductor in the first row, brings us to 
49, which is the same as 1. We therefore lengthen * the 
front conductor span to 13 to arrive at 3 and then 
proceed with the original spans of 13 and 11 for another 
row. On arriving at 40, the front span is again increased 
to 13 to reach 5. This procedure is continued and we 
sce that we step forward one slot each time round the 
stator or rotor. After going round 12 times, we arrive 
at conductor 12, and adding the lengthened front 


* The front span could be shortened, as shown above so that conductor 53 
would be connccted to conductor 47. 
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conductor span, 13, we reach conductor 25. This 
conductor, however, is the first conductor in the second 
pole-pair and has already been connected in, so that we 
have now traversed the whole winding. 

We can now divide the winding up and connect the 
parts in any desired way. For a three-phase connection 
it is usual to divide the winding into 6 equal parts and 
connect opposite parts together to form the phases. 
In our example, there are 48 total conductors, so that 
each part contains 8 conductors. Each part occupies, 
therefore, two complete rows in the table, and the 
connections have to be taken out as shown. The 6 parts 
are called 1, 2, 3, etc., and the ends are numbered I, 
1'; 2, 2'; etc., in the order they appear in the table. 
For a series star connection these ends are connected as 
shown in Fig. 5. 

It will be seen that it is only necessary to enter the 
top conductors in the table, since, when the connectors 
1, 2, etc., have been found, the remaining connectors 
are determined by subtracting from them the front span. 
Since, however, the connectors 1, 2, etc., are all at the 
ends of the rows, the lengthened front span must be 
used. For example, 9 — 13 — — 4 — conductor 44. 

To obtain 6', we saw above that continuing beyond 
conductor 12 brings us to 25, which is a double conductor 
span ahead of 1. Therefore, we have to add the double 


Fic. 5.—Three-phase star series connection. 


span to 1 before subtracting the lengthened front span, 
Thus, 1 + 24 — 13 = 12. 

(b) Fractional number of slots per pole and phase.— 
Now it is not necessary that the number of slots per 
pole and phase should be a whole number. The step 
from 2 to 3, or 3 to 4, is sometimes found to be too large, 
so that it 1s advisable to use some number in between, 
such as 21 or 34. 

Provided that the number of slots per pole-pair is a 
whole number, a phase winding can be formed ; and if 
the total number of conductors in the winding is divisible 
by 2 or 3, the winding may be connected for 2 or 3 phases 
with equal nunibers of conductors in each phase. 

As an example, consider a 6-pole stator with 42 slots 
and 2 conductors per slot. The number of slots per 
pole-pair is 14, so that a phase winding can be formed. 
The total number of conductors is 84, which is divisible 
by 2 or 3, so that it can be connected for 2 or 3 phases. 

The fact, however, that the total number of conductors 
is divisible by 3 does not necessarilv imply that the 
winding is a true three-phase winding. Firstly, the 
phases may not be at the correct angles, and, secondly, 
the distribution factors of the three phases may not be 
the same, so that the three pressures may not be equal. 

These two points will be dealt with later. 

(c) Equivalent slot positions, or '' Escals."—The e.m f. 
induced in each conductor of a winding can be repre- 
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sented by a vector, and the angle between the vectors 
corresponding to the conductors in adjacent slots is 
equal to the slot-pitch in electrical degrees. 

Considering at present only windings with a whole 
number of slots per pole-pair, the vectors for the top 
conductors in one pole-pair form a closed polygon 
(see Fig. 6), since one pole-pair corresponds to 360 
electrical degrees. The slots in the second pole-pair are 
in the same positions in the field as those in the first 
pole-pair, so that a second exactly similar polygon can 
be drawn for these. Similarly for the other pole-pairs. 

The number of vectors in each of these polvgons is 
the number of equivalent slot-positions in the winding, 
and in the case we are considering is the same as the 
number of slots per pole-pair. These slot positions 
have been given the name of “ escal” by Prof. Miles 
Walker. 

For the sake of simplicity, the bottom conductors can 
be disregarded, since their inclusion only shifts the whole 
of the winding by half the back span. 

Each of the vectors then represents one top conductor, 
but the polygons do not necessarily represent the order 
in which the vectors are actually added. The conductors 


Fic. 6.—Escal polygon ; g' = 2, 7 = 12. 


may be connected together in any manner we please, 
and a diagram mav be drawn by taking the corresponding 
vectors in the same order. 

The usual wav of connecting a phase winding is as 
shown in Fig. 1. We start with the first top conductor 
in the first pole-pair, and then take the first top conductor 
in each of the other pole-pairs. Then we proceed to 
the second top conductor in each of the pole-pairs, 
and so on. 

The vector diagram for the whole winding can now be 
drawn by taking the first vector from each of the p 
polvgons, then the second vector from each, and so on. 
The result is a polygon with the number of sides equal 
to the number of escals and each side representing 
$pz top conductors. 

The winding can now be divided up into any desired 
number of parts (usually 6 for a three-phase winding) 
and the polygon similarly divided by counting the 
number of escals corresponding to the number of top 
conductors in each part. 

(d) Position of the parts in the ficld.—Even if the 
windings we are considering have an equal number of 
conductors per phase, the various parts of the winding 
need not necessarily be at the correct angles to each 
other. Although in a three-phase winding the six parts 
need not be displaced 60° from each other, provided 
there are no parallel connections, yet parts 1 and 4 in 
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series should be 120° from parts 3 and 6 in series, and 
the latter 120° from parts 5 and 2 in series. If they 
are not at these angles, a true three-phase winding 1s 
not obtained. Also if parts 1 and 4 are not in phase 
with each other, they cannot be connected in parallel 
without giving rise to circulating currents. 

The effect of connecting in parallel two parts which 
are not at 180° is as follows. Suppose each part has 
10 per cent impedance (that is, 10 per cent of the full 
voltage produces full-load current). Then 1° displace- 
ment between the two parts in parallel will produce a 
circulating current equal to 9 per cent of the full-load 
current, 

Further, the e.m.f. producing this circulating current 
is practically at right angles to the two parallel e.m.f.'s. 
The circulating current is at right angles to the e.m.f. 
producing it, if the resistance of the windings is neglected. 
Hence, the circulating current is practically in phase 
with and in opposition to the two parallel e.m.f.'s 
respectively. The result of this is that the circulating 


Fic. 7.—Escal polygon; g = 314, p = 6, y = 7. 


current is added algebraically to the main current in one 
path and subtracted in the other, assuming unity power 
factor. 

It is clear, therefore, that, unless the reactance is very 
large, it is very important that two parts which are 
connected in parallel should have exactly the same 
phase. (See also page 246.) 

Let us now consider a 12-pole winding with 42 slots 
and 2 conductors per slot. As explained above, only 
the top conductors will be taken into account. The 
number of escals, 7, = 42/6 = 7 and the number of top 
conductors per escal = 4x 6x2=6. The vector 
diagram for the winding therefore consists of a 7-sided 
polygon, each side of which represents 6 top conductors 
(Fig. 7). 

In order to obtain a three-phase winding, we must 
divide the whole winding into 6 parts, each containing 
42/6 = 7 top conductors. Part 1 then contains 6 top 
conductors in escal 1 and 1 in escal 2. Part 2 contains 
5 top conductors in escal 2 and 2 in escal 3, and so on. 
The vectors representing the parts then form a 6-sided 
polygon as shown in Fig. 7, and it will be seen that these 
vectors are not equal in magnitude, nor are successive 
vectors at equal angles. 

The mean positions of the parts can now be found by 
the well-known method of vector algebra as follows. 

Let escal 1 be at zero angle, and let the angular 
displacement of the vectors be a, so that a = 3607/7. 


Then we add the two components of escal 1 and the 
portion of escal 2. 


i 


6 cos 0 —7 6sin0 = 6 — 70 
l cos a — j l sin a = 0:6235 — 70-7819 
6:6235 — J 0- 7519 


Then, if B4 is the angular position of part 1, 


tan Bı = 0-7819/6- 6235 
or B, = 6° 44’ 

The effective number of top conductors in part 1 is 
4/:(0: 7819)? + (6:6235)*, = 6-67 


This process can be repeated for all the vectors of the 
6-sided polvgon, so that the angular position and the 
effective value of each part can be found. 

Analytical method. —The angular positions of the parts 
may also be determined by an analytical method. This 
method presents certain advantages, especially with 
large nunibers of escals, since it does not involve evaluat- 
ing a large number of sines and cosines, etc. 

It can readily be proved that the angular position of a 
part is approximately equal to the sum of the angular 
positions of the individual conductors, divided by the 
number of conductors. The error introduced is very 
small (see Appendix 4). 

Let N, be the total number of conductors in the first 
x parts of the winding, and let N,/(2p) = u, + tr 
where uw, is a whole number and c, is a fraction less than 
unity. Each row in the winding table contains p 
top conductors, so that the J.V, top conductors occupy 
au, rows and a fraction, ty, of the (ur + I)th row. 


WINDING TABLE 2. 


Phase winding, three-phase, g^ = 2, p = 3, z = 2, 
S = 42, N = 84. All conductors shown. 


11 16 29 44 57 72 
3 18 31 46 59 74 
5 20 Y 
2 3: 48 61 76 
7 22 35 50 63 78 
9 21 37 52 rY 
3 65 80 
11 26 39 54 7 2 
13 28 41 56 69 81 3 
4 15 30 43 58 71 2 
17 32 45 60 73 4 
19 34 4 
5 47 62 15 6 
2 36 49 64 77 8 
23 38 5! 66 5 
6 79 10 
25 40 53 68 81 12 
27 42 55 70 83 11 6" 


As explained above, each row contains p top conductors 
all in the same escal, so that they can all be given the 
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same number as the first conductor in the row. The 
sum of the top conductor numbers in the first row is 
p X 1, in the second row p x 3, and so on, so that the 
sum of the top conductor numbers in the first uz, rows 
is p(1 +3+5+... to uz terms) = pu, The first 
conductor in the (u, + 1)th row is (2u, + 1), so that the 
sum of the top conductors in the fraction of this row is 
p(2u, + 1)v,. 

Hence, the sum of all the top conductors in the first 
x parts is 

pi? + (2u, + 1)v,} 


or, shortly, pXz 
Similarly, the sum of all the top conductors in the 
first (x — 1) parts is 


pud + (Que + Irra} 


or, shortly, pxXz-1 
Hence, the sum of all the top conductors in the zth 
part is 
p(X, — Xz-1) 


And, if n, is the total number of conductors in the 
xth part, the mean top conductor number of the zth 
part is 

p(Xz; — Xz-1) 


in, 


F Further, if conductor 1 is at zero angle, the mean 
angular position of the zth part is 


z| 292 _ 1 | 
29 Ne 


" Example.—Take as an example Winding Table 2. 
Three-phase, 6 poles, 42 slots, 2 conductors per slot. 
Total number of conductors, N = 84. Number of 
conductors in each part = ny = ng=... = n, = 14. 


Ne = ni + no = 28, N3 = ny + no + ng = 42, etc. 


mf(2p) =u +v = 2$; w= 2; y= 3 
Nof(2p) = to + v2 = 48; ug= 4; v=% 
N3f(2p) = uz +v = 7 ; w= 7; vw=0 
Nifi2p) = u + v= 9$; w= 9; =$ 
N,f(2p) = ug + v5 = 118; ug— ll; vg— § 
N,/(2p) = ug + ve = 14 ; ug — 149; v= 90 
X,= 44 54) = 55; Xi—Xo= 5j 
X= 164 9(3)= 22 ; X,—X, = 16} 


49 + 15(0) 
X,= 81+ 19(4) = 874; X, 
X, = 121 + 23(3) = 1364; X;— X,= 49 
X, = 196 + 29(0) = 196 ; X, 


The mean top conductor number of each part follows 
by multiplying the figures in the right-hand column by 
3/7, since p= 3 and n= 14. The mean angular 


VoL. 65. 


positions are found by multiplying the mean top 
conductor number less 1 by z/(2g) = 7/14, as follows. 


- Mean top conductor 


Part idinber Angular position 
1 17/7 (5/49) 
2 49/7 (3/7) 
3 81/7 (37/49) 
4 115/7 (1455) 
5 147/7 (13) 
6 179/7 (123) 


The angular displacements of the first three parts, 
therefore, instead of being 60° between each part, are 
58° 47’, 58° 47’ and 62° 27’. Parts 4, 5 and 6 are dis- 
placed exactly 180° from parts 1, 2 and 3 respectively. 

Phase A is composed of parts ] and 4 in series, part 4 
being connected in such a way that the currents flow in 
the opposite direction to that in part 1. Hence, by 
subtracting v from the position of part 4, we obtain its 
equivalent position if the currents flowed in the same 
direction in both parts. The position of the top con- 
ductors of phase A can therefore be found by multiplying 
the position of part 1 by the number of conductors in 
part 1, and the position of part 4 less m by the number 
of conductors in part 4, adding the products and dividing 
the sum thus obtained by the total number of conductors 
in phase A. 

Phase B is composed of parts 3 and 6, and we subtract 
T from the position of part 6. 

Phase C is composed of parts 5 and 2, and in this 
case we add 7 to the position of part 2, in order to avoid 
a negative sign. 

Hence we have for the positions of the top conductors 
of the phases, since n is constant throughout, 


Phase A.—}(4'g77 + lor T= T) = Ean 
Phase B.—}(} $7 + 135m — n) = łn 
Phase C.—4A(lgm + In +77) = ljm 


The displacements between the phases are therefore 
(32/49), (33/49)a and (33/49)m, or 117° 33’, 121° 13’ and 
121° 13’. 

The angular positions determined above refer only to 
the top conductors. The positions of the whole of the 
parts or phases are half the back span in advance of the 
positions of the top conductors. 

The angular positions of the phases of the same wind- 
ing, determined bv the vector algebra method, as shown 
on page 232, are found as follows. 

Phase A is composed of the vectors in parts 1 and 4, 
so that by combining the vectors for these parts we 
obtain the position of the whole phase. 


Part 1.— 6:6235 — 7 0- 7819 
Part 4.— 6:3074 — 7 0-4339 
Phase A.—12-9309 — 7 1:2158 
tan B4 = 1-2158/12-9309 
B4 = 5° 23’ 
16 
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Similarly Bg = 123°13’ and Bo = 244? 18’, so that 
the angles between the phases are 117° 50’, 121° 5’, 
and 121? 5’. 

Four conductors per slot-—The above expressions in 
the analytical method apply only to windings with two 
conductors per slot. A general expression will now be 
developed to embrace windings with any number of 
conductors per slot. The only assumption made is that 
all the conductors in the same slot are in the same escal, 
which is clearly correct except for any small tlux which 
passes across the slot. 

Considering first the windings having 4 conductors 
per slot, the first and second rows of the winding table 
occupy the first escal, the third and fourth rows the 
second escal, and so on. Hence we must take the rows 
in pairs. 

We have written above that the number of rows in 
the first z parts is uy + ty. 

Now let us write wu, + v, = 2u, + kr + vz, where 
u is a whole number, and k, is 1 or 0. 


For example, let the number of rows in the first z 
parts be 5}. Then wu, = 2 and k; = 1. 

Now let us call the first top conductor in the first and 
second rows 1, the first top conductor in the third and 
fourth rows 5, and so on. We now have u, pairs of 
rows, kz single rows and *,, a fraction, of a row. 

The sum of the top conductor numbers in the first 
and second rows is 2p x 1. The sum in the third and 
fourth rows (that is, in the second pair of rows) is 2p x 5. 
Hence the sum of the top conductor numbers in the 
u th pair of rows is 2p(4u, — 3). 

Therefore the sum of the top conductor numbers in 
the first u; pairs of rows is p(4w? — 2u)). 

If k; is 1, we next have one complete row, of which 
the first conductor number is (4u, + 1). Hence the 
sum of the top conductor numbers in the single row is 
pk,(4w, + 1). 

The fraction of the next row has the same first conduc- 
tor number as the single row, and the sum of its top 
conductor numbers is pv;(4w, + 1). 

Hence the total sum of the top conductor numbers in 
the first z parts is p[4w? — 2u, + (kz + v,)(4u, + 1)], 
or, shortly, pX,. 

Hence the mean top conductor number of the zth 
part is 

p(X, — Xz_-1) 


in, 


The top conductors in the first slot are numbered 1, 
in the second slot 5, and so on, Hence, if conductor 1 
is at zero angle, conductor 6 is at zr/g radians, con- 
ductor 9 at 2z/[g radians and conductor x at 1(z — 1)(z/9) 
radians. 

` Therefore the angular position of the zth part is 


VETT NE 
4g nr 


z conductors per slot.—Proceeding in the same way 
for larger numbers of conductors per slot, we write 


tly + vz = (fz) +k, +, and obtain the general 
expression 


Z , 3 Z 9 ,," a . f 1 
Xr = p| (5x) E 1* — 2)u t (kz + vz) (zu, + | 


Further, the mean angular position of the rth part is 


wy heh » 1 | 
zg nz 


This general expression for X, will be seen to agree 
with the expression obtained for 2 conductors per slot, 
since in that case the second term and also k, are zero. 


For 6 conductors per slot :— 

X, = p(3u)* — 6u, + (kz + vj (6v + 1)) 
For 8 conductors per slot :— 

X, = p(4v)* — 12u, + (kz + v;)(8u, + 1); 


(e) Distribution factors.—The second consideration to 
be investigated with fractional-slot windings is that the 
e.n.f.'s of each part may not be equal, although the 
numbers of conductors are equal, owing to different 
distribution on the armature. In windings with a 


Vic. 8.—Diagram for g' = whole number. 


whole number of slots per pole and phase, the e.m.f.’s 
are equal, because each part occupies an exactly similar 
portion of the periphery under each pole-pair. With 
fractional slots, however, corresponding slots in various 
pole-pairs may be occupied by conductors belonging to 
different parts. The result of this is that one part is 
spread over a different portion of the periphery to 
another, or in other words the distribution factors of the 
two parts may be different. 
The distribution factor of one part of a winding with 
a whole number of slots per pole and phase may be 
determined by means of a simple vector diagram (Fig. 8), 
which is a portion of the escal polygon. If there are 
g' slots per pole and phase, then in the top conductors 
of one part we have g' e.m.f.’s displaced from each other 
by an angle a = rjg, and the total e.m.f. of the top 
conductors of the part is the vectorial sum of these 
e.n.f.'s; In Fig. 8, AB, BC, etc., are the e.m.f.’s corre- 
sponding to the top conductors in the various slots, and 
AE is their resultant. 
It is easy to prove that 
KEp-g pingi 
g' sin da 
. (9 T 
sin € . 5) 
zog gue 
‘sin (1-3) 
g’ sin (--— 
g 
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or in other words, the distribution factor is 


Or, considering it in another way, if there are r top 
conductors in each escal, the effective number of top 
conductors in one part (that is, the equivalent number 
if they were all concentrated at one point) will be 


, 


Fractional slot windings with 2 conductors per slot.— 
With a fractional slot winding, the number of conductors 
belonging to one part is not equal in each escal, as shown 


Fic. 9.—Diagram for g' fractional. 


above. For example, considering the second part in 
Winding Table 2, we see that there are 2 top conductors 
ín escal 3, 3 in escal 4 and 2 in escal 5. The distribution 
factor may be found by the vector algebra method, 
since it is the ratio of the effective number to the total 
number of top conductors in the part. An analytical 
method, however, is also useful, and presents some 
advantages. 

The vector diagram for one part is shown in Fig. 9. 

We now have a shortened vector FB, a number of 


j sin (= z) 
2p g 2 = z) 
Lc. Ili DE MU 
Sx ni l ( = Uz—1 COS 2 
sin |- 5) 


full-length vectors BC, CD . . . and a shortened vector 
DG. The resultant is FG. 

If we consider the zth part, the vector DG corre- 
sponds to vz, the fraction of a row at the end of the part, 
and represents pv, top conductors. AF also represents 
pvz— top conductors, so that FB represents p(1 — v;. 1) 
top conductors. Each of the vectors BC, CD . . . repre- 
sents p top conductors, and we have to determine how 
many complete vectors there are between A and E. 

Considering the second part in Winding Table 2, 
t€ = 2, vi = $, ug = 4, and ve = $, so that the first 
two parts occupy 4$ rows and the first part 24. The 
second part occupies two-thirds of the third row, the 
whole of the fourth row and two-thirds of the fifth row. 
Hence the number of vectors between A and E is 3, 
and this equals ug — u, -1—-4—2--1-3. 

Considering now the third part in the same table, 


. [te =) 
S — o = 
in (5 2 

sin (- 2) 
g 2 
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we have u, = 4, vg = $, us = 7 and vg = 0, so that the 
third part occupies one-third of the fifth row and the 
whole of the sixth and seventh rows. Hence the number 
of vectors between A and E is 3, which equals 
Us — Ug = 7 — 4 = 3. Therefore we can say that the 
number of complete vectors between A and E is 
Ug — Uz_1 + hz, where hz is 1, unless v, = 0, when 
h; = 0. 

For shortness, let us write t, = ù; — Uy—1 + hz. 
Then we have, from Fig. 9, 


AE = tp 


sin LT 
(- 5) 


where AE is expressed in the effective number of top 
conductors in all the rows in which the wth part is 
found. | 

By simple trigonometry and a few transformations 
we obtain 


(FG)? = E — 2AF cos (* r : z] 


| AE — 2EG cos (s Fi : =] — (EG — AF)? 


Now AF = pv,.;, and EG = p(1 — v,), unless v, = 0, 
when EG = 0. Hence we write EG = p(h, — vz). 
The distribution factor of the zth part is 


FG 
s= Y 


so that the above expression resolves into 


t,—1 T 
^ 2 T (A, — v, — v, 1)” 


—2(h,—v,z) cos ( 


Four conductors per slot. —Taking now a winding with 
4 conductors per slot, the top conductors in the first 
and second rows are in the same escal, those in the third 
and fourth rows in the next escal and so on, as explained 
above, and we write again wz + v, = 2w, + kr + vy, 
where t is a whole number and k; = 0 or 1. 


Each of the vectors AB, BC. . . now represents the 
top conductors in two rows, that is, 2p top conductors. 
The portion AF represents the single row (if any) and 
the fraction of a row in the (xr — l)th part, ie. 
AF = p(kz_1 + vz-,). The portion DG = p(k, + vz), 
so that EG = p(2 — k, — v,) if (kz + v,) is not zero, 
while EG = 0 if (k, + vz) = 0. Hence we can write 
EG = p(2h, — k, — vz), where h, = 1, unless (Kk, + vr) 
= 0, in which case h, = 0. 

tz now represents the number of pairs of rows in which 
the ath part occurs, and £j, = u, — w, , + hp 
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Since each complete vector now represents 2p top From this we see that the parts are not at 60° to each 
conductors, other, but the opposite parts are at 180°. 
sin (2.2) Position of phase A = i Von 4+ te — n) = lon 
AE = 2p 2 Position of phase B = 4(5im + liim — m) = gia 
(- 7) Position of phase C = d(1j3Zs + fin + m) = liim 
sin (-.- 
2 Hence the angles between the phases are 117° 33’, 
and the final expression becomes 121° 13’ and 121° 13’. 
sin (2 z) 
2p G 2 PL Ku 
m 2———— —2 cos ( z) 
fz Nz À (2 ) (kz-1 + tri) g 2 
sin (—-— 
g 2 


z conductors per slot.—Generally, with z conductors 
per slot, uz = jzw, + k,, and 


sin (s z) | 
2p z g 2 
fom Baf | 45 ME — athe + eei) cos ( 


RE : sin (- z) | 
g 2 
. [tz 2) | 
f 


l t, — 1 2 
ue Gee T) p (Ghe — ke — vs — kr -1 — vr- 1) 
sin ( ) 


t,— 1 2) 
g 2 


(f) Examples.—Let us now proceed to work through an Further, the effective number of top conductors in 
example completely, and for this purpose let us take one | the parts is obtained as follows :— 
of those given by Miles Walker.* This is a three-phase 


12-pole winding with 84 slots and 2 conductors per slot. sin (5 . z) = 0:623 sin (: z) = 0-222 
N = 168, p = 6, g = 7, Ni = Nng =. .. = 28. 367 
Nif2p = 24; w= 2; vy =4; A= 1; ty =3 9 sin (5 +=) 
No[2p = 4g; us — 4; vo2— 4; ho=1; te =3 cos (= 5) = 0-901 —— —— = 9.8 
Na2p = 7 ; u= 7; v4—0; hg—0; t4—3 i 2 sin (5-7) 
Nlp = 94; w= 9; v,—1; h,—51; t=3 7 2 
NJ2p = 11$; uj— 1l; vj — $; hy—l; t —3 Part 1.—64/(2-8(2-8 — 1-2) + 0-44} = 13-31 
Ng2p = 14 ; ug — 14; tQ — 0; hg—0; t4 —3 Part 2.—64/((2-8 — 0-6) (2-8 — 0-6) + 0} = 13-2 
The positions of the parts are obtained as follows :— Part 3.—64/((2:8 — 1- n 8 + 0-44) = 13-31 
r 453—523 : X-X% =5 Part 4.—64/(2-8(2-8 — 1-2) + 0-44} = 13-31 
pom rp d E s X:- Xi = 16) Part 5.—64/((2-8 — 0-6) (2-8 — 0-6) + 0) = 13-2 
X,= 81+ 19/3 = 874 ; X,— Xs = 384 The distribution factors of the phases are therefore 
X, = 121 + 46/3 = 136} ; X, — X4 — 49 
Xg = 196 + 0 = 196 ; Xe — X; = 59% Phase A.—26-62/28 = 0-951 
Phase B.—26-62/28 — 0-951 
A * D zi " *) . 
zm Mean top conductor Nen Phase C.— 26- 40/28 =: 0-943 
The effective number of conductors in a phase is only 
exactly equal to the algebraic sum of the effective num- 
1 17/7 (10/98)7r bers of conductors in the two parts if the parts are 
2 49/7 (42/98)7r displaced by exactly 180°. Since, however, if there is 
3 81/7 (74/98) ar a deviation from 180° it is alwavs extremely small, and 
4 115/7 (139) algebraic addition of the effective numbers involves no 
5 147/7 (13z)m appreciable error. ; 
6 179/7 (15i)7 Further example.—Working an example given by 


Arnold * in the same way, we obtain the following 
* " Specification and Design of Dynamo-electric Machinery." * ARNOLD: “Die Wechselstromtechnik,” Band 3. 
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placements between the two halves of each phase and 
between the phases, and the distribution factors of the 


phases, for various values of g, when the number of 
conductors in each part is the same. These figures 


results. The winding is 6-pole with 48 slots and 2 
conductors per slot. 

Positions of phases by analytical method :—118° 7-5’, 
120° 56-25’ and 120° 56-25’. 


TABLE 1. 


Displacements for Three-phase Windings when Opposite Parts of each Phase have Equal Numbers of Conductors. 


Angles between parts Angles between phases fa for each phase 


1-4 3-6 5-2 A-B B-C C-A A B C 
34 177° 12’ 177° 12’ 182° 23’ 117° 50’ 121? 5’ 121° 8’ 0-928 0-928 0-919 
4 180? 180? 180? 113? 24’ 123° 18’ 123° 18’ 0-942 0-942 0-922 
4} 173° 50’ 173° 50’ 173° 50’ 120° 120° 120° 0-948 0-948 0-948 
5 180? 180? 180? 115? 26’ 122? 17' 122° 17’ 0-953 0:953 0-924 
51 178? 30’ 178? 30’ 181? 42" 119? 5’ 120? 27’ 120° 27’ 0-944 0-944 0-940 
6} 179? 7’ 179° 7’ 180° 48’ 119° 22’ 120° 19’ 120° 19’ 0-947 0-947 0-944 
7 180° 180° 180° 117° 29’ 121° 15’ 121° 15’ 0-951 0-951 0-943 
74 177° 48’ 177° 48’ 177° 48’ 120° 120° 120° 0-953 0-953 0-953 
8 180? 180? 180? 118? 16’ 120? 52" 120° 52’ 0:954 0-954 0-943 
8} 179° 24’ 179° 24’ 180° 35’ 119° 37’ . 120? 11’ 120? 11* 0-952 0-952 0-949 
94 179° 35’ 179° 35’ 180° 23’ 119° 42’ 120° 9’ 120° 9’ 0-950 0-950 0-951 
10 180? 180? 180? 118? 56' 120? 32’ 120? 32’ 0-953 0-953 0-951 
104 178° 52’ 178° 52’ 178° 52’ 120° 120° 120° 0-953 0-953 0-953 
11 180? 180? 180? 119° 4’ 120° 28’ 120° 28’ 0-954 0-954 0-949 
114 179? 41’ 179? 41’ 180? 21’ 119? 48’ 120? 6’ 120° 6’ 0-952 0-952 0-951 
124 179° 41’ 179° 41’ 180° 14’ 119° 52’ 120° 4’ 120° 4’ 0-951 0-951 0-950 
13 180? 180? 180? 119? 21* 120? 19" 120° 19” 0-954 0-954 0-953 
134 179° 20’ 179° 20’ 179° 20’ 120° 120° 120° 0-953 0-953 0-953 
TABLE 2. 


Displacements for Three-bhase Windings with p = 3 when Opposite Parts of each Phase have Unequal Numbers 
of Conductors. 


Angles between phases Sa for each phase 


A-B B-C C-A A B C 
34 117? 41* 117? 41' 124' 37’ 0-920 0-943 0-920 
44 120° 120° 120° 0-948 0-948 0-948 
54 119° 6’ 121° 48’ 119° 6’ 0-949 0-943 0:943 
64 119° 21’ 119° 21’ 121° 19’ 0-945 0:951 0-945 
74 120? 120? 120? 0-953 0-953 0-953 
8} 119° 37’ 120° 45’ 119° 37’ 0-955 0-951 0-951 
9j 119? 41* 119? 41’ 120? 38' 0-951 0:954 0:951 
103 120° 120° 120° 0-954 0:954 0-954 
11j 119? 48' 120° 24’ 119° 48’ 0-953 0-951 0-951 
124 119? 50’ 119? 50’ 120? 20* 0-952 0:954 0-952 
134 120? 120? 120? 0-954 0-954 0-954 


Positions by accurate method :—118° 15’, 120? 52-5’, | hold for any value of z and p which will permit n, to 


120? 52-5’. be the same throughout. It will be noticed that when 
Distribution factors by either method :—0-954, 0-954, | g = 44, 7}, etc., the phases are at 120° and the dis- 
0-943. tribution factors are equal. In these cases the slots 


per pole-pair are divisible by 3, thus making possible 
a symmetrical three-phase winding. The two halves 
of each phase, however, are not at 180°, so that they 


(g) Tables.*À—Table 1 gives the values of the dis- 


* The autbor is indebted to Mr. J. P. Huggard, B.Sc.. for working out the 
values in Tables 1 and 2. 
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cannot be connected in parallel without giving rise to 
circulating currents. To make a symmetrical 6-phase 
winding, the slots per pole-pair must be divisible by 
6, which necessitates a whole number of slots per pole 
and phase. 

Table 2 gives the displacements between the phases 
and the distribution factors, when the number of con- 
ductors is not the same in each part, although each 
phase has the same number of conductors. Far example, 
with g = 31, z = 2 and p = 3, 4pgz = 7, so that we 
must take 8 and 6 conductors alternately. The table 
is worked out for p = 3. With larger values of p, the 
figures approximate more closely to those in Table 1. 
For, if p = 9, 4pgz = 21, so that we take 22 and 20 
alternately, and these are more nearly equal than 8 
and 6. ` 

Unequal phases.—In the foregoing tables, only wind- 
ings having an equal number of conductors per phase 
have been considered. For very small machines and 
in special cases, strict symmetry is not always necessary 
and the total number of conductors need not be divisible 
by 3. Itis clear, however, that the expressions developed 


above can be used whatever the number of conductors. 


in each part. 
SECTION (3). PHASE WINDINGS WITH ADDED EMPTY 
SLOTS. 


Empty extra slots are sometimes added to a winding 
with a whole number of slots per pole and phase, chiefly 
to suppress tooth-ripples by making the number of 
slots per pole fractional; or in order to obtain a con- 
venient number of slots for manufacture; or when 
it is desired to rewind a machine for a different number 
of poles or phases. 

In many cases it is possible to form quite symmetrical 
windings, but sometimes the distribution factors of 
the phases are slightly different although the displace- 
ment between the phases is correct. In other cases a 
symmetrical winding is not possible. 

We shall now show how to find the correct positions 
of the extra slots in order to obtain the nearest approach 
to symmetry. 

It will be seen that single-layer windings may require 
a different treatment from double-layer windings when 
extra slots are used. Double-layer windings will be 
considered first. 

(a) Position of the parts in the field for various numbers 
of added empty slots and any number of poles.—Let us 
consider first of all a three-phase 4-pole winding with 
2 conductors per slot, 2 wound slots per pole and phase, 
and with 3 extra slots. The total number of slots is 
24 + 3 = 27. 

In this case there are 2 pole-pairs and 131 slots per 
pole-pair. The slots, therefore, do not repeat them- 
selves in every pole-pair. 

The vectors for the first pole-pair do not form a 
closed polygon, since there is not a whole number in 
360 electrical degrees. Further, the vectors for the 
second pole-pair are all shifted half a slot-pitch 
from the corresponding vectors of the first pole-pair. 
The diagram is therefore a duplex polygon as shown in 
Fig. 10. 

The number of escals is now 27 and is equal to the 


quotient of the total number of slots and the highest 
common factor of the number of slots and the number 
of pole-pairs. Each escal contains $z top conductors. 

Consider, first, windings with 2 conductors per slot. 
Let us omit 3 top conductors equidistant round the 
periphery in slots 9, 18 and 27. 

The order of the slots containing the top conductors 
is now 1, 14, 2, 15. . . . Since there are 131 slots per 
pole-pair, the equivalent slot positions are 1, $, 2,14... 
which ccrrespond to escals 2, 1, 4, 3 . . . 


Fic. 10.—Escal polygon, not connected. S = 27, S, =3, 
p = 2, g' = 2, n = 27. 


The diagram for the winding is therefore obtained 
by taking one escal from alternate portions of the duplex 
polygon in Fig. 10, and is shown in Fig. 11. 

The number of top conductors in the first part is 
4 and is represented by escals 2, 1, 4, 3. We clearly 
arrive at the same result by taking them in the order 
1, 2, 3, 4, as shown by the dotted lines, so that the 
diagram can be replaced by a 27-sided polygon. 

The positions of the parts in this simple case can be 
obtained by inspection. They can, however, be worked 


Fic. 11.—Portion of Fig. 10, as connected. 


out by vector algebra as before. We have 
a = 360°/n = 360°/27 = 13° 20’, so that for the first 
part, 

cos0 —JjsinO =1 —30 

cosa —jsina = 0-97305 — 7 0- 23062 

cos 2a — j sin 2a = 0-89363 — J 0-44880 

cos 3a — j sin 3a = 0-766004 — j 0-64279 


3-63272 — 7 1-32221 


tan B, = 1-32221/3- 63272 
By = 20° 


Similarly for the other parts. 

The result (which can be seen by inspection in this 
simple case) is that the phases are found to be at 120° 
to each other, but opposite parts are not at 180°. 
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If the 3 slots be left wholly empty, the angles between 
the phases remain as above. If, however, the back span 
is so chosen that top and bottom conductors in each 
slot belong to opposite parts, the opposite parts are 
clearly at 180° to each other. 

It will be seen from the above that it is not necessary 
to draw a vector polygon. The vector algebra method 
may be used by taking the conductors in the order 
they appear in the winding table and assigning to each 
its correct angular position. 

Number of pole-pairs divisible by 3.—If the number 
of pole-pairs is divisible by 3, it is clearly inadmissible 
to space the extra slots at 120 mechanical degrees. 
For electrically they would be spaced 120p, a multiple 
of 360°, so that they would all occupy the same escal. 
Further, it is impossible to space them at 120 electrical 
degrees, because the number of escals is not divisible 
by 3. For example, with 39 slots and 6 poles, the 
number of escals is 13. 

It is, however, possible to space the extra slots in 
such a way that the phases are very nearly at 120° to 
each other. 


WINDING TABLE 3. 


Phase winding, three-phase, g'—2, p=3, z= 2, 
S’ = 36, N = 72, S, = 3, S = 39. Slots for top 
conductors only. 


1 13 27 
2 14 | 28 
(15) 
3 16 29 
4 17 30 
5 18 31 
6 19 32 
7 20 33 
8 21 34 
9 22 35 
10 23 36 
(24) —— 
n 25 37 
12 26 38 
(39)— 


Considering Winding Table 3, the number of escals 
is 13, and the number of top conductors per escal is 
3. Omitting the top conductors in slots 15, 24 and 39, 
we must omit one top conductor in escals 2, 11 and 13. 
The diagram is shown in Fig. 12. 

Using the vector algebra method, we have the following 
equivalent slot numbers for part 1, since there are 13 
slots per pole-pair. 


l 0 ] 

2 l 2 
The corresponding angles are 

0 —a 0 

a 0 a 


The angular position of part 1 is then obtained as 
follows :— 


cos (— a) —j sin(— a) = 0:88546 + 7 0-406471 
3 cos 0 —Jj3sin 0 = 3 
2 cos a —j2sina = 1-77092 — 7 0-92942 


565638 — j 0-46471 


tan B; = 0:-46471/5- 65638 
B, = 4° 42’ 


Working in the same way, we find that the angles 
between the phases are 119° 55’, 120° 2-5’, 120° 2-5’. 

From this it will be seen that, even if the number 
of poles is divisible by 3, it is possible so to arrange 3 
extra slots that the phases are for all practical purposes 
at 120° to each other. 

Further, in many cases, numbers of extra slots other 
than 3 can also be used, but a difficulty arises in deter- 
mining the correct positions for them. 


Fic. 12.—Escal polygon; 7 = 13, p = 3, S, = 3. 


By using an analytical method, however, the task 
becomes comparatively simple. 


Analytical method. 


Number of poles not divisible by 3.—In windings with 
a whole number of slots per pole and phase, the presence 
of more than 2 conductors per slot does not affect the 
position of the parts, since no slot ever contains top 
conductors belonging to different phases. We shall 
therefore only consider windings with 2 conductors per 
slot, and it will be found more convenient to use slot 
numbers instead of conductor numbers. 

In a three-phase winding for 2p poles and g’ wound 
slots per pole and phase, the double slot span is 
l to (1 + 69’), if we leave the slots where the top con- 
ductors are omitted unnumbered, and we can write 
the first rows of the winding table thus, showing only 
the slots where the top-conductors occur :— 


1 1+6g 1+ 2(69’) 1 + (p — 1)69’ 
2 2+ 69 2+ 2(69’) 2 + (p — 1)69’ 


The total number of slots wound is 6pg', so that after 
every 2pg' slots we find an extra slot, if they are equally 
spaced. Let us place one extra slot immediately behind 
slot 1. 

Considering an 8-pole winding with 48 + 3 = 51 
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slots, the first row of the winding table (expressed in 
slot numbers) is :— 

1 | 13 | 2 | 37 | 
and the extra slots come between slots 16 and 17, 
32 and 33, and 48 and 1. They are shown by the 
vertical lines. 

The double slot span is 51/4, so that slot 13 occupies 
the same position in the second pole-pair as a slot at 
(13 — 51/4) in the first pole-pair. Similarly, the 
equivalent position of slot 25 would be [25 — 2(51/4)], 
if it were not for the extra slot, which displaces it to 
the right. Hence the position of slot 25 is 125 — 2(51/4) 
+ 1]. Further, slot 37 is displaced by the two extra 
slots, and its position is 37 — 3(51/4) + 2]. 


WINDING TABLE 4. 

Phase winding, three-phase, g’=2, p=4, z= 2, 
S = 48, N = 96, Se = 3, S = 5l. Slots for top 
conductors only. Slots unnumbered where top con- 
ductors ave omitted. 


l © 43 25 37 
2 14 26 38 
3 15 27 39° 
4 16 28 40 

—(0)— 

5 17 29 41 

6 18 30 42 

7 19 31 43 

8 20 . 32 44 

(0)— 

9 2] 33 45 
10 22 34 46 
11 23 35 47 
12 24 36 48 


The mean slot number of these four slots is therefore 
471 + 13 + 25 + 37 — 51/4 — 2(51/4) — 3(51/4 + 3! 


Or generally (for an 8-pole winding), if § 
number of slots, 


10 + (1 + 6g) + {1 + 2(69')} 
+ {1 + 3(89’)} — Sfp — 2(S[p) — 3(SIp) + 3: 


Let us denote the right-hand term, 3, by ısı (since 
it belongs to the first row of the first part). 

The 8-pole winding with 51 slots is shown by Winding 
Table 4. The first 4 rows (comprising the first two 
parts) of this table are similar, and the expression for 
the mean slot number of each row has the number 3 
at the right-hand side, as shown above. That is, 
181 = 281 = 182 = 93» = 3. 

In the fifth row, slots 17 and 29 are shifted 1 slot 
and slot 41, 2 slots, making the number at the right- 
hand side 4. This number holds for the third and fourth 
parts, so that 

183 = 283 = 184 = 284 = 4 


is the total 


For the fifth and sixth parts the number is 5, or 


195 = 285 = 13g = 28g = D». 


Let us now develop the mean slot number of the 
first part. The mean slot number of the second row is 


(1/p):2 + (2 + 69") + + {2 + (p — 169} 
— S[p—...—(p—VS/p + s 


and so on for g’ rows. We can therefore determine the 
mean slot number of the first part by adding together 
the mean slot numbers of the g’ rows and dividing 


by g’. The results are as tollows :—- 

Part 1. $p — 1) (6g' — S/p) + $17 + 1) + Esı/pg 
Part 2. }(p — 1) (69° — S[p) + 3(39' + 1) + Leolpg 
Part 3. 4(p — 1) (6g’ — S[p) + 45g’ + 1) + Xealpg' 
Part 4. (p — 1) (6g' — S/p) + Hg’ + 1) + Leglpg’ 
Part 5. 4(p — 1) (6g’ — S[p) + 4(99’ + 1) + Xey[ps' 
Part 6. 4(p — 1) (6g’ — Sfp) + §(11g' + 1) + Deglpy’ 
where 2381 = 181 -- 281 + 381 +... and so on. 


These expressions all indicate the mean slot number 
of the parts. To obtain the angular position, the mean 
number less one must be multiplied by the angular slot- 
pitch 27p/S, if slot l is at zero angle. 

The number of slot-pitches between two parts is 
obtained bv subtracting the mean slot numbers of those 
parts, and we have :— 

Displacement of part 2 


= g' + (Neo — Xsyfps' 


from part 1 


and so on. 
For the particular case we are considering, 
g’ = 2, we have 


3s, = 0, $5» = 6, 354 — 8, 35-8, Zs; = 10, Ls, = 10 


Displacement of part 2 from part 1 = g 
Displacement of part 3 from part 2 = g’ + 1/p 
Displacement of part 4 from part 3 = g’ 
Displacement of part 5 from part 4 = g’ + 1/p 
Displacement of part 6 from part 5 = g’ 


with 


Displacement of part 4 from part 1 = 39’ + I/p 
Displacement of part 6 from part 3 = 3g’ + l/p 
Displacement of part 2 from part 5 = 3g’ + l/p 


These last three displacements are not 180°, because in 
the 8-pole case 39’ + 1/p = 6}, whereas one pole-pitch 
is 51/8 = 6%. 

The mean slot number of phase A in series, however, 
is obtained by subtracting a pole-pitch (S/2p) from the 
mean slot number of part 4, adding to the mean slot 
number of part 1 and dividing by 2 (see page 233). 
Phase A.—4(p — 1)(6g' — S/p) + M(4g' + 1) 

+ (Ès + Lis4)/2pg’ — Shp 
6g’ — S[p) + 4(89’ + 1) 
+ (Esz + Esg2pg' — Shp 
Phase C.—}(p — 1)(6g' — S[p) + 4(6a’ + 1) 
+ (Zs, + Ls2\f2pq’ + Shp 
Displacement of phase B from phase A 
= 29’ + (Es; -- Leg — Ls, — Xs? pg! 
Displacement of phase C from phase B 
= 2g’ + (Msg -+ Lise — Esg — Xsg[?pg' + SJ2p 
Displacement of phase A from phase C 
= 2g’ + (Ee + Es — Xs; — Lsy)/2pg" + SdP 


Phase B.—3(p — 1)( 


= 
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The displacement between each of the phases is 
therefore (27 + : 
p 


g' —2. The pole-pitch is S/2p and S = 6pg' + 3, so 
that the pole-pitch is 3g’ + 3/2p, and the displacement 
between each of the three phases is two-thirds of a pole- 
pitch, or 120°. 

p divisible by 3»—It will be seen that the analytical 
method can be used for any number of extra slots and 
for any spacing. 

Taking as an example Winding Table 5, we see that 
in the first two rows slots 25 and 26 are each displaced 
by 2 extra slots, so that 1s; = 98; = 2. 

In the next 8 rows, slots 15, 16, etc., are displaced 
by 1 extra slot and slots 27, 28, etc., by 2. Hence 
182 = 282 = 183 = 283 = 1% = 2% = 18g = 28g = 3. 


, 


J or in our case 2g' + lfp, since 


Similarly 18g == 299 = 4 


Hence we have, since g’ = 2 (see page 240) :— 

Displacement of phase B from phase A = 2g' + l/p 
Displacement of phase C from phase B = 29’ + 1/p 
Displacement of phase A from phase C = 2g’ + 1/p 


which corresponds to 120° in each case. 

Instead of placing the extra slots between 14 and 15 
and between 22 and 23, they could have been placed 
between 2 and 3 and between 10 and 11 to give the 
same result. It is preferable, however, to make them 
as evenly spaced as possible. 

It will be seen from the above, that it 1s not difficult 
to place the extra slots in the winding table in such a * 
way that the displacements are as nearly equal as 
possible, for by altering the positions of the extra slots, 
the values of s can be varied. 

For example, we have above 


28, = 4; 28,4 = 
Ès = 6; 2s, = 6 
2:84 = 6; L8, = 8 


28; + D8, X54 = 10 
Mss + Ls, = Esg = 14 
Mess + Lise = Lec = 12 


Lsp— 3954 = 4 
usc — Leg = — 2 
3:84 — Lg = — 2 


Displacement of phase B from phase A 
= 2g’ + (Zeg — Xs4)I[2?pg' 

Displacement of phase C from phase B 

= 29’ + (Esc — Xen + Se')I2pg' 
Displacement of phase A from phase C 

= 29’ + (X84 — Lec + S.g’)/2p9’ 
For the displacements to be equal, we must have 

Leg — L84 = D80 — Yep + S! = Esa — Eec + Sag’ 


In the above example, 4 = 6 — 2 = 6 — 2, so that 
the displacements are equal. 

If they are not equal, it is comparatively simple to 
alter the positions of the extra slots in such a way that 
the values of s give the nearest approach to equal 
displacements. | 


Number of extra slots for 6-bhase windings.—If S, is 
the number of extra slots, the total number of slots, S, 
is 6pg’ + Se. The number of slots representing 60? is 
therefore S/6p = g' + S,J60p. From page 240 we have :— 

Displacement of part 2 from part 1 


= g' + (Zez — 281)/pg’ 
Hence, for this displacement to be 60°, we must have 


S46 = (259 — Ls81)/9’ 

Zs — 18, = S,g'[06 
. The expression (£s — 21s.) must be a whole number, 
so that, in order that the displacements between each 
part may be 60?, S,g' must be divisible by 6; and 
further there must be sufficient extra slots to make all 
the expressions like (22s; — 225;) have the common value 
S,g'[6. It can be shown that the minimum number of 


Or 


extra slots which will permit a constant displacement 


of 60? is 3. 
WiNDING TABLE 5. 


As Winding Table 3, except that the slots are unnumbered 
where the top conductors are omitted. 


1 13 25 
2 14 26 
— D RÓ 
3 15 27 
4 16 28 
5 17 29 
6 18 30 
7 19 31 
8 20 32 
9 21 33 
10 22 34 
(0) 
11 23 35 
12 24 36 


(0)1— 


Examples of windings to satisfy the above are :— 


If S, = 3, g’ must be even. 
If S, = 4, g’ must be a multiple of 3. 
If S, = 5, g’ must be a multiple of 6, and so on. 


Number of extra slots for 3-phase windings.—As shown 
above in the Section on fractional windings, it is not 
necessary for all 6 parts to be displaced by 60°, provided 
a series connection only is required. It is sufficient for 
the complete phases to be displaced by 120°. From 
page 240 we have therefore 


SJA3 = (2283 + 253g — 32581 ec 2:54)/2g' 
bsg + Esg — Ls, — Ls, = 28,4'[8 
Hence, in order that the phases may be at 120°, 
2S,g' must be divisible by 3, so that 


Or 


if S, = 3, g’ may be any number, 
if S, = 4, g’ must be a multiple of 3, 
if S, — 5, g' must be a multiple of 3, and so on. 
The minimum number of extra slots to give a sym- 
metrical three-phase winding is 2. 
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Tables.—Windings with any number of extra slots 
can be worked out in exactly the same way and we 
arrive at the important result that symmetrical * 
windings can be obtained with 3 extra slots for any 


Tables 3-10 indicate the positions of the extra slots 
to obtain symmetrical windings, all slots being 
numbered. 

Table 3 gives the positions of the extra slots to give 


TABLE 3. 


Positions of Extra Slots for Symmetrical Three-phase Windings. 


S, p g’ Slot numbers from which top conductors are omitted 
2 Any Mult. of 3 (29/]3 + 1) (S/2 — 297[8 + 1) 
3 Mult. of 3 Any (S/3 +9) (2S/3—g’) S 
Any other Any S/3 2S[3 S 
4 Even Mult. of 3 (S/4 + g) (S/2 + 5g/|3) (3S[4 — 297[3) S 
Odd Mult. of 3 (S/4 + g/|6) (S/2 + 29/3 (3S/4 + g']6) S 
5 Mult. of 5 Mult. of 3 (S/5 + 2g/|3) (2S[5 + 5g' PB) (3S]5 — 5g'|3) (48/5 — 2g’/3) S 
Any other Mult. of 3 (See Table 4) 
6 Mult. of 3 Any (S/6+ 9’) (S/3—g) S/2 (2S/3+ 9) (5S/6—g) S 
Any other Any S/6 S/3 S[2 2S/3 5S/6 S 
7 Mult. of 7 Mult. of 3 (S/7 + 29/3) (2S/7 + 49’/3) (3S/7 + 79/3) (4S/7 — '"1g'[3) 
(5S[" — 49’J/3) (6S/7 — 2g/]3) S 
Any other Mult. of 3 (See Table 4) 
8 Even mult. of 2 Mult. of 3 (S/8 + g (S/4 + 59/3) (3S[8 — 2g9’/3) S[2 (5S/8 + g^) 
(3S/4 + 59’/3) (75/8 — 297/38) S 
Odd mult. of 2 Mult. of 3 (S/8 + g/]6) (S/4 + 29/3) (3S[8 + g’/6) S/2 (5S/8 + g'[6) 
(3S/4 + 29/3) (7S/8 + g'[6) S 
Odd Mult. of 3 (See Table 4) 
9 Mult. of 9 Any (S/9+ 9) (2S/9— g) S/3 (48/9 +g) (5S/9— g) 2SN 
(71819 + g^ (85/9 —g) S 
Any other Mult. of 3 S/9 2S/9 S/3 4S/9 5S/9 2S[3 TS/9 8S/9 S 
1,4,7,10... Even (S/9 — g’f6) (28/9 — g’J3) S[3 (4S/9 — g’/6) (5S/9 — g'[3) 2S/3 
(7S/9 — g'[6) (8S/9 — g']|3) S 
2,5,8,11... Even (S/9 — g'|3) (2S]0 — g']6) S[3 (4S[0 — g'|3) (5S/9 — g'[6) 2S/3 
(7S/9 — g']3) (85/9 — g']6) S 
TABLE 4. 
Special Spacing of Extra Slots for Table 3. g' = 3. 
? S' S,= 5 S,=7 S,= 8 
1 | 18 9 4 4 4 3 3 3 2 2 2 3 3 2 2 2 3 3 2 2 2 
2 36 7 7 8 7 7 5 5 5 6 5 65 5 — 
3 | 64 | 11 11 10 11 1l 8 7 8 8 8 7 8 7 7 7 6 6 7 7 7 
4 72 15 14 14 14 15 10 11 10 10 10 11 10 — 
b 90 — 13 13 13 12 13 13 13 11 11 11 12 12 1.1 11 1l 
6 108 21 22 22 22 21 15 15 16 16 16 15 15 — 
7 126 20 25 26 25 25 — 16 16 16 15 15 16 16 16 
8 144 20 29 28 29 29 21 21 20 20 20 21 21 — 
9 162 33 32 32 32 33 23 23 23 24 23 23 23 20 20 20 21 21 20 20 20 
10 180 — 20 25 26 26 20 25 26 — 
1] 198 39 40 40 40 39 28 29 28 28 28 29 28 25 25 25 24 24 25 25 25 
12 216 43 43 44 43 43 31 31 31 30 31 31 31 — 


value of g' if p is a multiple of 3, and with any other 
number of extra slots, except 1, if g’ is a multiple 
of 3. 


* Only symmetry with regard to angular displacement is considered in this 
Section. The distribution factors wil ‘be dealt with later. 


symmetrical three-phase windings; that is, where the 
phases are at 120°, but the parts may not be at 60°. 
Table 5 gives 6-phase windings, where all the parts 
are at 60°. 
The special spacing in Table 3 is shown in Table 4, 
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TABLE 5. 


Positions of Extra Slots for Symmetrical Six-phase Windings. 


S, p g’ Slot numbers from which top conductors are omitted 
3 Mult. of 3 Even (g'12 + 1) (S/3 + 59/2 + 1) (26/3 — 3g'[2 + 1) 
Any other Even (g/|2 4+ 1) (S[3 + g//|2 + 1) (28/3 + g']2 + 1) 
4 Even Mult. of 3 (29/3 + 1) (S/4 — 2g'[3 + 1) (S/2 — "7g'[3 -- 1) (3S[4 + "7g'[8 +1) 
Odd Mult. of 3 (29°73 +1) (S[4 + 5g'[6 + 1) (S[2 + 2g/|3 + 1) (38/4 + 5g'[6 + 1) 
5 Mult. of 5 Mult. of 6 (97/6 +1) (S[5 + 4g/[3 + 1) (2S/5 — "7g'[6 + 1) (3S[5 + 5g’/2 + 1) 
(4S[5 — "g'[3 + 1) 
Any other Mult. of 6 (See Table 6) 
6 | Odd mult. of 3 Any (S/6 +9’) (S/3—g’) S/2 (28/3 +g) (5S/6— 9’) S 
Mult. of 6 Any (S/6 +9’) (S/3—g’) (S/2+ 29) (28/3 + 49) (58/6 + 39) S 
Odd, but not Any S/6 S[3 S[2 2S[3 5S/6 S 
mult. of 3 
Even, but not Any S/6 S[3 (S[2--g) (2S[3--g) (5SJ6--g) S 
mult. of 6 
7 Mult. of 7 Mult. of 6 (S/7 — g^ (2S/7 + 5g'[6) (3S/7 + 5g'[3) (4S/7 + 5g'[2) 
(5S/7 — 8g'[3) (6S/7 — 3g'|2) S 
Any other Mult. of 6 (See Table 6) 
8 Odd mult. of 4 Mult. of 3 S[8 (S[4 + 2g]3) (3S[8 + 29/J3) (S/2 + 4g'|3) (58/8 + 4g'[3) 
(35/4 — g) (7S[8 — g) S 
Even mult. of 4| Mult. of 3 (S/8 — g^ (S/4 + 29/3) (3S/8 + 49°/3) (S/2 + 2g (5S/8 + 39’) 
. (38/4 — "g'[3) (78/8 — 5g'[3) S 
Any other Mult. of 3 (See Table 6) 
9 Mult. of 9 Even (S/9 + g^) (2S/9 + 3g'|2) (S/3 + 29’) (48/9 — 3g) (5S/9 — 5g'[2) 
(2S/3 — 29’) (7S/9 — g^ (8S/9 — g'|2) S 
Mult. of 3, Even S/9 2S[9 (S/3 + 39/2). (48/9 + 39/2) (5S/9 + 3g’/2) (2S/3 + g^) 
but not of 9 (7S[9 +9’) (8S/9+ 9’) S 
1, 4, 7, 10... Even (S/9 — g'16) (2S/9 — g’J3) SJà (4S/9 — g']6) (5S/9 — g'13) 2S[3 
(7S/9 — g'16) (8S/9 — g'[3) S 
2, 5, 8, 11... Even (S/9 — g’/3) (2S/9 — g’J6) S/3 (4S[9 — g'13) (5S/9 — g'[6) 28/3 
(78/9 — g'J3) (88/9 — g'I6) S 
TABLE 6. 
Special Spacing of Extra Slots for Table 5. g’ = 6. 
; Se= 5 A Se= 8 
i 2 Top gro bords from siat Top conductor omitted from slot No. S Top conductor omitted from slot No. S 

1] | 36 7 7 "7 7 8 5 5 5 b 5 5 6 4 4 4 6 4 4 4 6 
2 72 14 14 15 14 15 10 10 10 11 10 #10 1l 8 10 8 14 8 10 8 6 

3 108 21 22 21 22 22 15 15 16 15 16 15 16 12 14 14 14 12 14 14 14 
4 144 28 29 29 29 29 20 21 20 21 20 21 21 — 

5 180 — 25 26 26 25 26 26 26 22 22 22 24 22 22 22 24 

6 216. 43 43 43 43 44 30 31 31 31 31 31 31 26 28 20 32 20 28 26 24 

7 252 50 50 51 50 51 — 30 32 32 32 30 32 32 32 

8 288 57 58 57 58 58 41 41 41 41 41 41 42 — 

9 324 64 65 65 65 65 46 46 46 47 46 46 47 40 40 40 42 40 40 40 42 
10 360 — | 651 51 52 51 52 51 52 44 46 44 50 44 46 44 42 
ll 396 79 79 79 79 80 56 57 56 57 56 57 57 48 50 50 50 48 50 50 50 
12 432 86 86 87 86 87 61 62 62 61 62 62 62 — 
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which gives the number of wound slots between the | numbers of poles can be seen at a glance. For example, 
extra slots, starting with the extra slot before slot 1. | with 7 extra slots, g’ = 3 and p = 20, there would be 
Table 4 is worked out for g’ = 3, but for multiples of | 360 wound slots and 367 total. The numbers of wound 


TABLE 7. 


Positions of Extra Slots for Symnietrical Two-phase Windings. 


S, p g’ Slot numbers from which top conductors are omitted 


1 Any Even (g^[2 + 1) 
2 Any Any (S/2 - 9) S 
3 Mult. of 3 Even (S/3 + 3g'/2) (2S/3 — g) S 
Any other Even (See Table 8) 
4 Odd Any SJA S/2 38/4 S 
Even Anv (S/4 + 9’) S[2 (398]4 —9) S 
5 Mult. of 5 Even (S/5 + g]2) 2S/5 (35/5 —g’) (48/5 —y’) S 
Any other Fven (See Table 8) 
6 ‘Mult. of 3 Even (S/6 + 39]2) (S/3 —g’) S/2 (2S/3 + 39]2) (5S8]6 —9) S 
Anv other Even (See Table 8) i 
Mult. of 3 Odd (S/6 +- 3712 + 4) (SB — g) S[2 (2S/3 + 39 | — 3) (55/6 —g) S 
Not mult. of 3 Odd S/6 S[3 (S[2-- 1 2S/3 5S[6 SS 


(Mult. of 3) 
Not mult. of 3} Odd * (not | (8/6 — 1/3) (S/3 — 2/3) (S[2 — 1) (28/3 — M3) (58[6 — 2/3) S 
mult. of 3) if 


S[6 =æ% + 
Not mult. of 3| Odd * ne (S/6 + 1/3) (SB + 2/3) (SR + Y) (28/3 — 3) (5.8/6 + 2/3) S 
mult. of 3) if 
S/6 =x + 3 
7 Mult. of 7 Even (SIT + g'|2 2S[1 (3S/7 — g^ (4S/7 — q^ (5S[T — 297) 
(6S/7 — 39’) S 
Any other Even (See Table 8) 
8 Odd Even S/8 S/4 3S/8 S/2 5S/8 3S/4 ISR S 
Odd Odd (S/8 + 4) S/4 (38/8 + 4) S/2 (58/8 = 3) 354 (78/8 +4) S 
Odd mult. of 2 Any S/8 S/4 3S/8 S/2 58/8 35/4 "s S 
Even mult. of 2 Any (S/8 + g^) (S/4 + 29’) (38/8 — g S[2 (5S/8 + g) (38/4 + 29’) 


(78/8 —g’) S 


* Where z is any integer. 


TABLE 8. 
Special Spacing of Extra Slots for Table 1. g' = 2. 


——— | ———— |—M—— | ———M————————— | ——————————ÓM——MM————— 


1 8 3 3 2 1 1 2 2 2 1 1) 2 2 1] l l1 1 1 1 ]. ] 2 
2 16 5 5 6 3 3 4 2 4 3 3 2 2 3 3 3 3 2 2 2 2 2 
3 24 — 5 5 4 6 4 — 3 3 4 4 2 4 4 
4 32 11 11 10 7 7 6 6 6 5 5 6 6 5 5 5 5 4 4 6 4 4 
5 40 13 13 ÅM — 7 7 6 6 7 7 5 5 6 6 6 6 6 
6 48 — 9 9 10 10 10 -— 7 7 17 7 FT 7 6 
7 56 19 19 18 11] 11 12 10 12 9 9 10 10 9 9 = 
8 64 21 21 22 13 13 12 14 12 1] 1? 10 10 1]1 1l 9 9 9 9 9 9 10 
9 12 — 15 15 14 14 14 — 1] 11 10 10 10 10 10 
10 80 27 27 26 — 13 14 14 13 13 1] 11 12 12 10 12 12 
11 88 29 29 30 17 17 18 18 18 15 15 14 14 #15 15 13 13 12 12 14 12 12 
12 96 — 19 19 20 18 20 — 13 13 14 14 14 14 ]4 


3 the numbers of slots must be increased by the same | slots between the extra slots would then be 51—51— 
multiple. For example, for g’ = 6 all the numbers must | 52—523—51— 51. 
be multiplied by 2. The numbers in Table 4 for higher The special spacing in Table 5 is shown in Table 6, 


JAKEMAN : ALTERNATING-CURRENT WAVE WINDINGS. 


245 


St ee ee ee ee ee ee EE SS 


which gives the number of wound slots between the 
extra slots, starting with the extra slot specified in the 
table. Table 6 is worked out for g’ = 6. 

Unsymmetrical windings.—lf{ neither g’ nor p nor S, 
is divisible by 3, the winding is unsymmetrical. To 
reduce the asymmetry to a minimum, the spacing of 


so that the numbers of the extra slots would be 16, 33, 
48 and 64. 

If Table 3 refers to Table 4 for the spacing, the extra 
slots should be placed in a similar way to Table 4. 
For example, if there are 5 extra slots and p = 2, 
g’ = 4, S’ = 48, S = 53, we have S’/5 = 93 and the 


TABLE 9. 


Positions of Extra Slots for Symmetrical Four-bhase Windings. 
i Sa RIED QUERN NEAR, QUE. dU UG PAM UMEN jM due QNN OE Heu MUN D MEE M HALO DE ELE 


S, p g’ Slot numbers from which top conductors are omitted 
2 Odd Even (39/[2 + 1) (S/2 + 3g'/2 + 1) 
Even Even (7g/|2 + 1) (S[2 + 397[2 + 1) 
3 Mult. of 3 Mult. of 4 (g|2 + 1) (S[3 — 3g'[4 + 1) (2S[3 + 79’/4 + 1) 
Any other Mult. of 4 (See Table 10) 
4 Odd Any S/4 S/2 38/4 S | 
Odd mult. of 2 Any (Slt +9’) (S[2-- g) 3S[4 S 
Even mult. of 2 Any (SJ4 — g^ (S/2+ 9’) (3S[J4 + 29) S 
5 Mult. of 5 Mult. of 4 | (S/5 — g^ (2S/5 + 3g/|4) (3SJ5 + 39/2) (4S[5 + 99/4) S 
Anv other Mult. of 4 (See Table 10) 
6 Odd mult. of 3 Even (S/6 + 3g]2) (S/3 — g) S/2 (2S/3 + 3g|2) (5S]6 — 9^) S 
Even mult. of 3 Even (SJ6 — g|2) (SJ3 +’) (S/2—g’) (2S[3 + 3g'12) (58/6 + 29) S 
Any other Even (See Table 10) | 
7 Mult. of 7 Mult. of 4 (S/T — 3g'[4) (2S/7 — 59/4) (38/7 + g']2) (48/7 + g^ 
(5S/7 + "7g'[4) (6S/7 + 99’/4) S 
Any other Mult. of 4 (See Table 10) 
8 Odd Even S[8 S/4 38/8 S/2 5S/8 3S/4 7S/8 S 
Odd Odd (S/8 + 3) S/4 (38/8 +4) S/2 (58/8 + $) 38/4 (78/8 +4) S 
Odd mult. of 2 Any S/8 S/4 3S/8 S[2 5S/8 3S/4 TS/8 S 
Even mult. of 2 Any (S/8 +g) (S/4 + 29 (38/8 —g’) S/2 (58/8 +g) (3S/4 + 29’) 
(7S/8 —g’) S 
TABLE 10. 
Special Spacing of Extra Slots for Table 9. g' = 4. 
p Ss’ S,= 3° S,= 51 S,=6t S,=7ft 
1 16 5 6 5 3 3 3 3 4 2 2 4 2 2 4 2 2 3 2 2 2 3 
2| 32 | 11 10 11 | 6 6 7 6 7| 4 4 4 6 8 6| 4 5 4 5 5 4 65 
3 | 48 — 9 10 9 10 10 — 7 6 7 7 7 7 7 
4 64 21 22 21 12 13 13 13 13 10 8 10 12 12 12 9 9 9 9 9 10 9 
5 80 27 26 27 — 12 14 14 12 14 14 11 12 11 11 12 11 12 
6 96 — 19 19 19 19 20 — 13 14 14 14 13 14 14 
7 | 112 37 38 37 | 22 22 23 22 23 18 18 20 18 18 20 = 
S | 128 43 42 43 | 25 26. 25 26 26 | 20 20 20 22 24 22 18 18 19 18 18 18 19 
9 | 144 — 28 20 29 29 29 — 20 21 20 21 21 20 21 
10 | 160 53 54 53 — 26 94 26 28 28 28 | 23 22 23 23 23 23 23 
11 | 176 59 58 59 | 35 35 35 35 36 | 28 30 30 28 30 30 | 25 25 25 25 25 26 25 
12 | 192 — 38 38 39 38 39 — 27 28 27 27 28 27 28 


* Top conductor omitted from slot No. (47^ + 1). 


the extra slots must be as nearly as possible the same 
as in Table 3. For example, if there are 4 extra slots 
and p = 5, g' = 2, S' = 60 and S = 64, we select from 
Table 3 the spacing for S, — 4 and p odd. We then have 

S[4 + g'[6 = 164 

S[2 + 2g'[3 = 334 

3S/4 + g'[6 = 484 


¢ Top conductor omitted from slot No. S. 


extra slots must be spaced 9—10—10—10—9, in a 
similar way to that shown for g' — 3, p — 1, 4, 6, etc. 
If there is only 1 extra slot, it should be placed after 
the nearest slot number to 29'//3, and the displacements 
between the phases are (2g' + b/2p), (2g' + 1/2p) and 
{29’ + (1 — 6)/2p}, where b is as nearly as possible $. 
The displacements for other numbers of extra slots 
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are obtained as follows: Let B + y + ò = 29’S,, where 
S, = number of extra slots and B, y and 6 are whole 
numbers as nearly equal as possible. For example, if 

— 4 and $,— 2, then B -- y -- 6 — 16, so that 
A = 6, y — 5, ð= 5. Then the displacements are 
(29° + BI2p9'), (29° + yI2pg'), (29’ + 8[2pg?). 

We see that if either g’ or S, isa multiple of 3, B = y 
= ô and the winding is symmetrical. 

Two-phase windings.—Passing now to two-phase 
windings, the same methods of working can be used, 
and we arrive at the results in Tables 7 and 9. 

Table 7 gives the ‘positions of the extra slots for 
symmetrical two-phase windings: that is, where the 
phases are at 90?, but the opposite parts may not be 
at 180°. 

Table 9 gives four-phase windings, 
parts are at 90°. 

The special spacing in Table 7 is shown in Table 8, 
which gives the number of wound slots between the 
extra slots, starting with the extra slot before slot 1. 
Table 8 is worked out for g’ = 2, but for multiples of 2 
the numbers of slots must be increased by the same 
multiple. 

The special spacing in Table 9 is shown in Table 10, 
which gives the number of wound slots between the 
extra slots, starting with the extra slot specified in the 
table. Table 10 is worked out for g' — 4. 

Windings not shown in Table 7 are asymmetrical. 
To reduce the asymmetry to a minimum, the spacing 
of the extra slots must be as nearly as possible the same 
as in Table 7. 

With 1 extra slot and g’ odd, the extra slot must be 
placed after slot (bg’), where b is as near $ as possible. 
The displacement between the two phases is then 
(g + b[2p) slots. 

In general, with S, extra slots, the displacement 
between the two phases is (g’ + B/[2pg') slots, where 
B = 4(S.9’ — Y). 

For example, if g’ = 5 and S, = 3, B = 7, so that 
the displacement is (g’ + 7/10p) slots, while 90° is 
represented by (g' + 3/4p) slots. 

Working in the same way as on page 241, the condition 
for a symmetrical four-phase winding is that S,g’/4 
must be a whole number. Examples of windings to 
satisfy this condition are :— 


where all the 


If S, = 2, g’ must be even. 
If S, — 4, g' may be any number. 
If S, — 7, g' must be a multiple of 4, and so on. 


(b) Distribution factors.—As is well known, the distri- 
bution factor of a winding having a whole number of 
‘lots per pole and phase is 


sin 1g'a 
g' sin 4a 


where a is the angle between the escals and g' is the 
number of escals in the part being considered. 

In a winding with equally spaced extra slots, the 
number of escals is the quotient of the total number 
of slots divided by the highest common factor of the 
number of slots and the number of pole-pairs. That 
js, N = S/H, where H is the above factor, and a = 27/1. 


The number of escals in the part being considered is 
(9 — S,)/6. We then have for the distribution factor 


sin (A Se, =) 
duce ue 


es 7T 
in — 
6 


Extra slots not equally spaced.—When the extra slots 
are not equally spaced, the distribution factors need 
not be the same for each part. 

If the total number of slots is divisible by p, the 
number of escals is the same as the number of slots 
per pole-pair, and the distribution factors of two parallel 
parts may be considerably different if the number of 
slots is small. Referring to Table 5 and considering a 
6-pole winding with 3 extra slots and g' — 2, we find 
that the difference between the distribution factors of 
parts 1 and 4 is 4-7 per cent. If, however, we make 
g' = 4, the difference is reduced to 1:5 per cent. 

If the total number of slots is 99 with 3 extra slots 
and 8 poles, the number of slots per pole-pair is 
99/4 = 242, and the number of escals is 99/1 = 99. If 
the total number of slots is 75 with 3 extra slots and 
12 poles, the number of slots per pole-pair is 75/6 = 12} 
and the number of escals is 75/3 = 25. The greater 
the number of escals compared with the number of 
extra slots, the more nearly are the distribution factors 
equal. 

It can be shown that if the fraction S,/py is not 
greater than 3 per cent, the difference between the 
distribution factors of two parts in parallel will have no 
ill-effect. 

Effect of unequal distribution factors.—1t is not nearly 
so important that two parallel e.m.f.'s should be 
exactly equal as it is that they should be in phase 
(see page 232). 

Suppose there is 1 per cent difference between the 
e.m.f.'s, and each part has 10 per cent impedance 
(that is, 10 per cent of full voltage will cause full-load 
current to flow). Then 1 per cent of full voltage will 
circulate 5 per cent of full-load current through the 
two parts in series. This voltage is in phase with the 
main e.m.f., and the circulating current will be at right 
angles to the e.m.f. producing it. Hence, the circu- 
lating current will be practically at right angles to the 
main current, assuming unity power factor. The effect 
of 5 per cent circulating current will therefore be to 
increase the main current in each part by about 0-12 per 
cent. If the power factor is 0-8, the current in one 
part is increased by 3-1 per cent and in the other 
reduced by 2-9 per cent. 

By making the fraction Spy not greater than 
0:03, the difference in the distribution factors is kept 
within 1 per cent. Further, large machines usually 
have a reactance higher than 10 per cent, so that the 
above figures for the increase of current are on the high 
side. 

The value of the distribution factor is not appreciably 
different from that for windings with the extra slots 
equally spaced. 

(c) Single-layer windings with extra slots.—Single-layer 
windings are equivalent to two-layer windings with 
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half the number of slots, provided the number of extra 
slots is even. The extra slots may then be placed in 
pairs, each pair a coil-span apart, and the winding treated 
as if it were a two-layer winding with half the number 
of slots. Two extra slots in the single-layer winding 
correspond to two half-empty slots (i.e. one extra slot) 
in the two-layer winding. The coil span may be made 
any value and the winding connected lap or wave. In 
some cases it may be found that the winding is more 
symmetrical if the extra slots are not placed in pairs, 
but each case must then be considered separately. * 

If the single-layer winding has an odd number of 
wound slots per pole and phase, the equivalent two- 
layer would have a fractional number. This is con- 
sidered in Section (3d). 

If the single-layer winding has an even number of 
wound slots per pole and phase, but an odd number of 
extra slots, it is not convenient to derive a general 
expression, but the analytical method may be used for 
each case. The extra slots affect the position of all the 
conductors, so that the positions of the ''top" and 
“ bottom ” conductors must be considered separately. 

(d) Fractional-slot windings with extra slots.—To obtain 
general expressions for this case would be very compli- 
cated, but each case may be worked out by the analytical 
method. It will usually be found necessary to draw up 
a winding table. 


WiNDING TABLE 6. 


Phase winding, three-phase, g' = 21, p = 2, z= 2, 
S’ = 30, N = 60, S, = 3, S = 33. Top conductors 
only. Omitted conductors unnumbered. 


l 31 

3 33 
5 

35 

7 37 

9 39 

(0)— 

11 41 

13 43 
15 

45 

17 47 

19 49 
—(0 

21 51 

23 53 
25 

55 

27 57 

29 59 


As an example consider a winding for p = 2, g’ = 2}, 
z = 2, and 3 extra slots. The total number of slots is 
30 + 3 = 33. Winding Table 6 shows the top conduc- 
tors. This table is made up with conductor numbers 
instead of slot numbers because, when there are more 
than 2 conductors per slot, conductors in the same row 
may not occupy the same positions in the slots. 


* One method of determining the best positions for the extra slots will be 
found in '' The Diagnosing of Troubles in Electrical Machines," by M. Walker. 


The extra slots are equally spaced, one being placed 
behind slot 1. The number of top conductors in part 1 
is $n, = p(u, + vı). The sum of the conductor numbers 
in the first row (see page 240) is 


1+ (1 +123) -- ... - (0 - (p — 112g) 
— (2S[p + 2(2S[p) + . . . + (p — 1)2S/p} + 11 


where ;8, is expressed in conductor numbers. For 
example, conductor 31 is shifted by one slot to the 
position of conductor 33, so that 18; = 2. 

The sum of the conductor numbers in the second 
TOW iS 


3+ (3+ 129’) +...+ {34 (p — 1)129} 
— (2S[p + 2(2S)[p + . . . + (p — 1)2S/p} + 281 
and similarly for u; rows. 


In the (u; + 1)th row we have pv, conductors and 
the sum of their numbers is 


(2u, + 1) + (2u, + 1 + 12g) +... 
ck Qui + 1 (poi — 11297] 
— QSlp +... + (px — 1)2S/p} + qu 41081 
Hence the sum of the top conductor numbers of 
part 1 is 
M, = pu? + pv, (2u, + 1) 
+ (6pg’ — S)(pu, — u, + pot — vi) + Za 


or in general for the first z parts 


Mz = pu? + pv;(2u, + 1) 
— S,(pu, — Uz + pre — vz) + Xs 


since S — 6pg’ = S,, the number of extra slots, and 
where Le, = 3 + Lise + Bss +... + Lae. 
The mean top conductor number of the zth part is 
then 
2(M, zr Mzr-1) 


Ng 


Taking the above example, we have 


Niy = Ng =... =N = 10 
u= 2; v; =4; X4- 4; M= 1 
ug = 5; v9 = 0; às, = 10; M» = 45 
u3— 7; vg— d; Le, = 18; Mz = 110 
u, — 10; v,—0; às, = 30; M, — 200 
ug — 12; vp— 34; Le, = 44; My = 321 


The mean top conductor numbers are :— 


Part 1, 11/5 ; Part 4, 90/5 
Part 2, 34/5 ; Part 5, 121/5 
Part 3, 65/5 ; Part 6, 144/5 


Displacement between part 2 and part 1 = 23/5 con- 
ductors 

Displacement between part 3 and part 2 = 31/5 con- 
ductors 

Displacement between part 4 and part 3 — 25/5 con- 
ductors 
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Displacement between part 5 and part 4 = 31/5 con- 
ductors 

Displacement between part 6 and part 5 = 23/5 con- 
ductors 

Displacement between part 1 and part 6 = 32/5 con- 
ductors 


The displacements between the phases are 117° 49’, 
121° 5’, 121° 5’. 

It therefore appears that, although the number of 
slots is divisible by 3, a symmetrical three-phase winding 
is not obtained if equal numbers of conductors are 
placed in each part. 

If, however, the two halves of each phase have unequal 
numbers of conductors, that is, nı = 12, ng = 8, etc., 
the displacements between the phases will be found to 
be 120°. 

In general, for a winding with z conductors per slot, 
we have 


M, = zpu (zu; — z + 2)4 + p(k, + vz)(zu, + 1) 
— S.(puz — uz + pv? — vj) + Ls, 


z 


SECTION (4). D.C. Wave WINDINGS WITH a = I. 


These windings have the same spans as windings used 
with commutators and have to obey the well-known 
closing rule for such windings, that is, y = (N + 2a\/p, 
where y is the double conductor span and N is the total 
number of conductors or coil-sides. The value of a 
is usually 1, but duplex, triplex, etc., windings may be 
used. Windings with a = 1 will be dealt with first. 
When used for three-phase stators or rotors, they are 
usually opened in 6 places and connected up exactly as 
for phase windings. 

Dr.S. P. Smith * has given some useful tables showing 
the conditions for symmetry. In what follows, the 
amount of asymmetry in unsymmetrical windings is 
discussed. 

(a) Positions of the parts with 2 conductors per slot. — 
With 2 conductors per slot and no dummy coils, N — 25. 
y must be an even number, so that (2S + 2)/p is an 
even number. Therefore (S + 1)/p is a whole number, 
so that S cannot be divisible by p. The highest common 
factor of S and p is therefore 1, and the number of 
escals equals the number of slots. 

It follows that the vector diagram consists of an 
S-sided polygon, each side representing one top con- 
ductor, and the angular position of any number of 
vectors can be determined at once. 

It is clear that a symmetrical three-phase winding 
must have a number of slots divisible by 3. 

Dummy coil.—If there is a dummy coil in the winding, 
we have S'— S—]. From the above we have 
(S' + 1)/p is a whole number, so that either S/p or 
(S + 2)/p is a whole number. 

In the first case, i.e. when the sign in the span equation 
is positive, the number of escals is S/p and we have the 
same conditions as in Section 2. 

In the second case, when the sign is negative, the 
number of escals must be determined for each case. 
The angular positions can then be calculated as before. 


ae Theory of Armature Windings,” Journal I.E.E. 1917, vol. 55, 
p. 18. 


Analytical method.—The analytical method may also 
be used for d.c. wave windings, with certain advantages. 

T wo conductors per slot. No duinmy coil.—The double 
conductor span is the same throughout the winding, so 
that the top conductor numbers follow a regular 
sequence :— 


1,1 d (N £ 2)fp, 1 + £(N + 2)]p, 3 - 3(N + 2p . . . 


When there is no dummy coil, the equivalent position 
in the first pole-pair for any conductor is obtained by 
subtracting a multiple of the conductors per pole-pair 
(that is, a multiple of N/p) from the conductor number 
in the above sequence. Hence the equivalent positions 
in the first pole-pair (expressed in conductor numbers) 
may be written 


1 1 2/p 1 + 2(2/p) 1+ 3(2/p)... 


Taking as an example p = 3 and the positive sign, 
these equivalent conductor numbers are 1, 1$, 21, 3 . . . 
and if there are 2 conductors per slot they occupy the 
following escals, 1, 2, 8, 4 . . . 

In a phase winding we found that there were p top 
conductors in escal 1, p in escal 2, and so on. In a 
d.c. wave winding, however, the positions of the con- 
ductors are spread out at intervals of 1/p of a slot-pitch 
and therefore the winding closely resembles a completely 
distributed winding without slots. 

If the sign in the winding formula had been negative, 
the equivalent slot numbers would have been 1, $, 4. 
0 — 4, — $, slot number (— 1) being the same as 
number (S — 1), where S is the total number of slots. 

The equivalent conductor number of the t-th top 
conductor is 1 + (t — 1)2/p. To find the mean top 
conductor number of the ath part, we must add the 
equivalent conductor numbers of all the top conductors 
and divide by 4n, the number of them. If the rth 
part starts at the ¢,th top conductor, the equivalent 
conductor numbers of the 4n, top conductors are 
4n, terms. Summing these terms and dividing by 
jn, we obtain for the mean top conductor number of 
the xth part, 1+ (nz + 2t, — 3\/p, the same sign 
being taken which occurs in the expression for the 
double conductor span. 

Further, if N,..; is the total number of conductors in 
the first (x — 1) parts, t, = 1 + 4(Nz-}). 

Hence the mean top conductor number of the rth 
part is 


l + (1n, +N,-1—1)/p or 1+ (Nz- in — lp 


where Nz is the total number of conductors in the first 
x parts and equals .V,;_, + mz. 

To express this mean position as an angle, we place 
conductor number 1 at zero angle and obtain as before 


1 zs — tn, — L) 
2g p 


where g is the number of slots per pole and is not a 
whole number. 
Further, the angle between the zth and (z + l)th. 


parts is 
3 (e uH a) 
2g 2p 


d 


In a three-phase winding which has no dummy coils 
and which divides into 6 equal parts, each containing 
an even number of conductors, since n,,; = nz, the 


angle between the zth and (x 1)th parts is 
+ = S The total number of conductors in the 
g P 


whole winding is 6pg'z, so that n, = pg’z and the angle 
2m . 
between any two adjacent parts is + 2g! z. Since 


mjg is the slot pitch and there are 3pg'z slots, with 2 
3pg'z 
p 


conductors per slot use represents 360°, so that the 
g 


angle between any two adjacent parts is 60°. 

If one-sixth of the total number of conductors is an 
odd number, we have to take n, = pg’z + 1, no = pg'z 
— 1, etc. In this case n4,,; =n, +2 (where n, + 1 
= pg’z), and N,4, — Nz = n, + 2. 

Therefore the angle between two adjacent parts is 


s (tx - 7 
t zi p = = 99? 


which is equivalent to 60° as before. 

Hence we see that if a three-phase winding with 2 
conductors per slot can be divided into 6 equal parts, 
each containing an even number of conductors, all the 
parts are equal and are at equal angles. 

If one-sixth of the total number of conductors is an 
odd number, the parts are still at equal angles, but the 
two halves of each phase do not contain equal numbers 
of conductors. Hence the winding can be connected 
up in series to give a symmetrical three-phase winding, 
but cannot be connected with two parallel paths per 
phase. 

Further, if the total number of conductors is divisible 
by 3, the number of slots must also be divisible by 3 
to give a wholly symmetrical three-phase winding. 
This agrees with the result obtained by S. P. Smith.* 

It is to be noticed that if p is a multiple of 3, the 


1+ (N — 2)/p 
1+ (p + 1)(N — 2)/p 


total number of conductors cannot be divisible by 3, 
since the equation for the span would not then be 
satisfied. 

Presence of a dummy coil.—-If there is a dummy coil 
in the winding, its top conductor may be placed immedi- 
ately before conductor 1, and a different treatment is 


1+ (N — 2)/p 
1 + (N — 2)/p — p(4lp) + 2 
1 + (N — 2p — 2p(4/p) + 4 


Tequired according as the sign in the span equation 
is positive or negative. | 
(1) Positive sign. 
The sequence of the top-conductor numbers is, as 
before, 


1, 1 (N 4- 2)/p, 1 - 2(N + 2)p . . | 


Take as an example an 8-pole winding with 40 slots. | 
We have 78 active conductors and 2 dummies (which 


* "The Theory of Armature Windings,” Journal I.E.E., 1917, vol. 55, 


p.15 
VoL. 65. 
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1+ 2(N — 2]p ... 
1+ (p+ 2)(N — 2)/p... 


1 + (N — 2)/p — 4[p 
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are not numbered), so that y = (78 + 2)/4 = 20, and 
the winding table for the top conductors is 


1 21 4l 61 
81 101 121 141 
161 181 201 221 etc. 


To obtain the equivalent top-conductor numbers in the 
first pole-pair, we subtract multiples of the total con- 
ductors per pole-pair (including the dummy conductors) 
from the numbers in the first row. There are 20 total 
conductors per pole-pair, so that the first row becomes 


1 1 1 1 


In the second row, conductor 81 is conductor 3, although 
by subtracting 80 we obtain 1. This shifting is occa- 
sioned by the dummy coil, and we see that in addition 
to subtracting multiples of 20 we must add 2 to all 
the numbers in the second row. Similarly, we add 4 
to the third row and so on. The equivalent top-con- 
ductor numbers are therefore 


1 ] 1 1 
3 3 3 3 
5 - 5 5 5 etc. 


From this we see that all the top conductors in one 
row of this winding table are in the same escal, so that 
we have again the same conditions as for a phase winding 
with 2 conductors per slot and no extra slots. The same 
formulæ can therefore be used for the angular positions 
of the parts as in Section 2. 


(2) Negative sign. 

The treatment of a winding with a negative sign in 
the span equation is not quite so simple. The sequence 
of top-conductor numbers is 


l, 1+(N—2)/p, 1+2(N —2)/p... 


but it is more convenient to leave conductor 1 until 
the end of the table and start with the next top conductor. 
The table then becomes 


1 + (pN — 2)/p 
1 + 2p(N — 2)/p 


To obtain the equivalent conductor numbers in the 
first pole-pair, we subtract multiples of (N + 2)/p from 
the first row. For the second row, we must also add 
2 to each conductor number, for the third row 4, and 
so on, to allow for the dummy coil. The table then 


becomes 
1+ (N — 2)/p — 2(4fp) ... 
1+ (N — 2p — (p + 4p +2... 
1+ (N — 2]p — (2p + Us]p +4... 


Summing these in exactly the same way as before, we 
have for the sum of the top-conductor numbers in the 
first x parts 

N,N 
95 — piu? + v,(2u, — 1) + 203) 


or, shortly, N,N/(2p) — pXy. 
The sum of the top-conductor numbers in the zth 
part is therefore 


N,N N, AN 
2p 2p 


n,N 
2p 


— pX;— + PXz-1 = 


— p(Xz- X:-1) 


17 
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Hence the mean top-conductor number of the zth part 
is (dividing by 4n4) 
N  2p(X, — Xz-1) 


p Nz 
and the angular position of the zth part is 
2p(Xz — Xz-1) i| 


(b) Positions of the parts with 4 conductors per slot.— 
With 4 conductors per slot, and no dummy coils, we 
have (2S + 1)/p equal to a whole number, so that S 
again cannot be divisible by p and the number of escals 
equals the number of slots. Each escal now consists 
of 2 top conductors. 

A vector diagram consisting of an S-sided polygon 
can now be drawn to represent the whole winding, but a 
difficulty arises in drawing the diagrain for each part, 
since the vectors do not occur in the winding in the same 
order as in the polygon. 

Let us take as an example a 6-pole winding with 
22 slots and 4 conductors per slot, and let us divide it 
into 4 parts for a 2-phase winding. y = (88 + 2)/3 = 30. 
Each part contains 22 conductors or 11 top conductors. 
The winding table for the top conductors of the first 
part is 


1 31 61 
3 33 63 
5 35 65 
7 37 


Converted into slot numbers, this becomes 


1 8 16 
l 9 16 
2 9 17 
2 10 


Since there are 74 slots per pole-pair, the equivalent 
slot numbers are 


2 1% 24 
2 2% 

or, writing in escal numbers, 
3 2 4 
3 5 4 
6 5 7 
6 8 


Placing these in order, we have 


2 3 4 5 6 
3 4 5 6 7 8 


The vector diagram of the complete winding is a 
22-sided polygon, each side of which represents 2 top 
conductors. The first part, however, is not represented 
by the first 11 top conductors, that is, 2 top conductors 
in each of the first 5 escals and 1 top conductor in the 
6th. It consists, as shown above, of 1 top conductor 
in escal 2, 2 top conductors in each of the next 4 escals 
and 1 in each of escals 7 and 8. 


With this method, therefore, it is necessary to consider 
the order of the conductors carefully by means of a 
winding table, but this can be taken care of in the 
vector algebra method by adding in each vector as it 
occurs in the table. 

Analytical method.— By means of an analytical method, 
the working can be simplified somewhat. 

4 conductors per slot and no dummy coils.—The 
consideration of a d.c. wave winding with more than 
2 conductors per slot is rather more complicated than a 
phase winding, because the conductors in the same row 
need not occupy the same escals. 

Let us consider a winding with no dummy coils. To 
satisfy this condition p must be odd, since with 4 con- 
ductors per slot there must be a dummy coil if p is 
even. Take as an example a winding with 42 slots, 
4 conductors per slot and p = 5. Then we have 
y = (168 + 2)/5 = 34. 

Let us call the left-hand conductor in a slot “a” 
and the right-hand '' b," thus :— 


[a] [5] 
The positions of the conductors in the slots for the 
above winding can then be shown thus :— 


a b a b a 
b a b a b 
a b a b a and soon. 


4€ 3) 


We see that the positions are alternately “a” and 
"b" throughout the winding and this relation holds 
for any number of poles, provided there are no dummy 
coils. 

The angular position of a conductor depends on the 
number of the slot it occupies and not on the conductor 
number, and we see that conductor x occupies slot 
number (x + 3)/4 if it is in the “a?” position, or 
(x + 1)/4 if it is in the “ b” position. For example, 
conductor 5 is in slot (5 + 3)/4 = 2 and conductor 7 
is in slot (7 + 1)/4 = 2. 

The sequence of the top-conductor numbers 1s 


l, 1 + (N + 2)p, 1 -2(N  2)]p . . 


and bv adding 3 or 1 according as the conductors are 
in the “a” or " b” positions, and dividing by 4, the 
sequence of slot numbers occupied by the top con- 


ductors is 
1023) F{14+(N+2)/pt+1} }{142(N+2)/p+3}... 


Subtracting multiples of W/4p, the number of slots per 
pole-pair, the equivalent slot numbers in the first 
pole-pair are 


H1+3) 41+ 2p 41) HLH) +3}... 


This becomes a regular series if we take the numbers 
in pairs and write 


4(2 + 2p +4) {2 + 5(2/p) + 4} 4{2 + 9(2/p) +4}... 


To find the sum of the slot numbers in the first xz 
parts, we must add 1N, of these terms if $N; is even. 
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If 4Nz is odd, we add 4(1N, — 1) of these terms and 
then add the slot number of the N,th conductor to the 
result. 

The expressions for the sum of the slot numbers of 
the top conductors of the first x parts are 


(1) If 1N, is even, 4'5[6N, + N:(Nz — 2)/p] 
(2) If Nz is odd, ,';(6N, + N,(N, — 2)/p + 4] 


The mean slot number of the top conductors of the 
xth part is obtained by subtracting the above sum for 
the first (z — 1) parts from the sum for the first x parts 
and dividing by the number of top conductors in the 
xth part. ` 

Negative sign.—1f the negative sign occurs in the span 
equation, a similar expression can be developed, and 
generally, for a winding with 4 conductors per slot and 
no dummy coil, we have for the sum of the slot numbers 
of the top conductors in the first z parts, 


(1) If 1N, is even, 4';,(6N, + N,(N, — 2)/p} 
(2) If 4N, is odd, 4',Í6N, + N,UN4 — 2)]p + 4} 


where the sign is the same as in the span equation. 

Dummy coil.—]f there is a dummy coil in the winding, 
several cases have to be considered. 

(1) Whole number of slots per pole-bair and p either 
odd or even. 

In this case the sign in the span equation must always 
be positive. The treatment is similar to that for phase 
windings with 4 conductors per slot, and the first pair 
of rows occupies the first escal, the second pair the 
second escaland so on. The formule for phase windings 
with 4 conductors per slot can therefore be used. 

(2) Fractional number of slots per pole-pair, p even 
and the positive sign. 

The positions of the top conductors in the slots are 
then as follows for an 8-pole winding :— 


a b a b 
b a b a 
a b a b etc. 


The sum of the slot numbers of the top conductors 
of the first x parts is :—- 


(1) If pv, is even, l(puz(u,-2)--pv;(2u,--3)) 

(2) If pv; is odd, 3{ puz(uz3-2)--pv;(2uz 4-3) +(f—2)} 
where f = 3 if uw, is even, and f = 1 if u; is odd. 

(3) Fractional number of slots per pole-bair, p odd or 
even and the negative sign, when the positions of the top 
conductors are as follows :— 


a a a 
b b b 
a a a ... etc. 


When the sign is negative, it is always convenient to 
leave conductor 1l until the end of the table and start 
with conductor 1 + (N — 2)/p. 

The sum of the slot numbers of the top conductors for 
the first x parts then becomes :— 


(1) If u, is even, 
IU (uz T Vy) — puu,— 2) — 2pv;(u, + v; — 2)) 

2) If uz is odd, 
JUN (uz + vz) — p(u$ — 4u, + 1) — 2pv,luz + vz — 1)} 
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(4) Fractional number of slots per pole-pair, p even and 
the negative sign, when the positions of the top conductors 
are as follows :— 

a b a b 


a b a b etc. 


The sum of the slot numbers of the top conductors 
for the first x parts is :— 


(1) If pv, is even, 
HN (uz + vz) — pu;(u, — 2) — pry(2uz + 2v, — 3)) 
(2) If pv, is odd, | 


1UN (uz + v) — puz(u, — 2) — pv4(2u, 4- 2v, — 3) .-f — 2) 


where f = 1 if u, is even, and f = 3 if u, is odd. 

(c) Positions of the parts with 6 conductors per slot.— 
The problem of the angular positions of the parts with 
6 conductors per slot can be dealt with in a similar way, 
if we take the numbers in threes instead of in pairs. 

If there is no dummy coil, there are several cases to 
be considered. 


Let A = 2N, + N(N, — 2)]4p 
B = 2N, — N,UN, — 2)/4p 
c — any integer or zero. 


The sum of the slot numbers of the top conductors 
of the first z parts is as follows :— 


(1) If the sign in the span equation is positive and 
p=2,5,8, 11... 


AJ[6 if N42 = 3c 
(A + 2)/6 if N,[2 = 3c + 1 
A[6 if N,/2 = 3c +2 


(2) If the sign in the span equation is positive and 
p = 4, 7, 10,13... 


A[6 if N,/2 = 3c 
(A + 2)/6 if N,J2 = 3c +1 
(A + 2)/6 if N2 = 3c + 2 


(3) If the sign in the span equation is negative and 
p=2,5,8, 11... 


B/6 if N,2 = 3c 
(B + 2)/6 if N,J2 = 3c +1 
(B + 2)/6 if N,J2 = 3c + 2 


(4) If the sign in the span equation is negative and 
p=4,7,10,13... 


B/6 if N,/2 = 3c 
(B + 2)6 if N,[2 = 3c + 1 
B[6 if N,2 = 3c 4.2 


Dummy coil.—l1f there is one dummy coil in the 
winding, there are also several alternatives. 
Let 


C = pus;(tu; + 3) + 2pv,(u, + 2) 
D = N(u, + vz) — pu;(u, — 3) — 2p»(u, + v, —2) 
c, and cy = any integer or zero. 


(1) If the number of slots per pole-pair is a whole 
number, the sign in the span equation must be positive, 
and the conditions are the same as for a phase winding, 
as was shown for the cases of 2 and 4 conductors per 
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slot. The same formule can therefore be used as tor 
phase windings. 

(2) If the sign in the span equation is positive, p is a 
multiple of 3, the number of slots per pole-pair is not 
a whole number, and the sequence of positions is as 
follows : — 


a b c a b c 
b c a b c a 
c a b C a b ... etc. 


The sum of the slot numbers of the first x parts is 


C/6 if pv, = 3c, 
(C +f — 3)/6 if pv, = 3c, + 1 


where f = 5 when vuv, = 3c» 
f= 3 when uw, = 3c. + 1 
f= 1 when vw, = 3c2 + 2 
(C +f’ — 6)/6 if pr, = 3c, + 2 
where f = 8 when uw, = 3c2 


J’ = 4 when u; = 3ce + 1 


J’ = 6 when u; = 3cq + 2 
(3) As for 2, except that the sequence of positions is 

a c b a c b 

b a c b a c 

c b a c b a . etc., 
C[6 if pv, — 3c, 
(C +f — 3/6 if py, = 3c, + 1 

where f 5 when wu, = 3c, 


3co + 1 
f= 1 when u, = 3c + 2 
(C + f' — 6)/6 if pr, = 3c, + 2 


where f' = 6 when u; = 3c» 
f' = 8 when u; = 3c + 1 
f! = 4 when u, = 3c» + 2 


(4) If the sign in the span equation is negative, and 
p = 2, 5 8, 11... (As explained above, when the 
sign in the span equation is negative, we start the winding 
at the second top conductor.) 


if Uy = 3c, 
(D — 2)/6 if u, = 3c, 

(D — 2)/6 if u; = 3c, and pv, = 3cy + 2 
(D — 2)/6 if uw, = 3c, + 1 and pr, = 3c2 

(D — 2)/6 if u, = 3c, + 1 and pr, = 3c2 + 1 
if ur = 3c, + 1 and pr, = 3co + 2 
if u, = 3c, + 2 and pr, = 3c» 


(D + 2)/6 if u, = 3c, + 2 and pr, = 3c, + 1 

D6 if uy = 3c, + 2 and pr, = 3cy + 2 
(5) As for 4, except that p = 4, 7, 10,13. 

DI6 if uz = 3e and pr, = 3c» 


DJ6 if u, = 3c 
(D — 26 if us = 3c, 
(D — 2)/6 if u, 


and pr, = 3co + 1 
and pv, = 3co + 2 
3c, + 1 and pr, = 3c2 


D[6 if uw, = 3c, + 1 and pr, = 3e + 1 
DJG if uw, = 3c, + 1 and pr; = 3cy + 2 
D[6 if uz = 3c; + 2 and pr, = 3c» 


(D — 2)/6 if us = 3c + 2 and pr, = 3c + 1 
DJ[6 if uy = 3c, + 2 and pe, = 3e; + 2 


All these expressions give the sum of the slot numbers 
of the top conductors of the first x parts. To obtain 
the mean slot number of the top conductors of the 
rth part, it is necessary to subtract the sum for the 
first (r — 1) parts from the sum for the first z parts and 
divide by the number of top conductors in the rth part. 

Sequence of positions.— To explain more fully the 
sequence of positions in cases (2) and (3), let us consider 
two windings with p — 6 and with 62 and 64 slots 
respectively. 

Case (2). 62 slots. 370 active conductors. 
y = (370 + 2)/6 = 62. The winding table for the top 
conductors is 


l 63 125 187 249 311 
3 65 127 189 251 313 etc., 


and the positions of these conductors in the slots are 


a b c a b c 
b c a b c a etc. 


Case (3). 64 slots. 382 active conductors 
y = (382 + 2)/6 = 64. The winding table is 


l 65 129 193 251 321 


3 67 131 195 259 323 etc., 
and the positions in the slots are 

a c b a C b 

b a c b a c etc. 


(d) Distribution factors. 

(1) Windings with no dummy coils.—-With 2 conductors 
per slot, the positions of the top conductors are all 
different and are displaced from each other by (l/p)th 
of a slot-pitch throughout the winding. As explained 
above, the number of escals equals the number of slots, 
so that there are 4N escals in the winding, and the 
distribution factor is 


f: = n. . x (=) 
NS == 
z 1 A 


With 4 conductors per slot, an accurate determination 
of the distribution factor is somewhat complicated, but 
an approximate value which is sufficiently accurate for 
practical use may be obtained with ease. 

As explained on page 248, the number of escals equals 
the number of slots and there are 2 top conductors in 
each escal. The escals, however, are not taken in 
order. It is possible to obtain an accurate value of 
the distribution factor by means of vector algebra, but 
an approximate value is 


In this expression it is assumed that the top conductors 
on page 250 are spread over 5$ escals, whereas actually 
thev occupy 7. The discrepancy, however, is not 
great, because at each end there is only one top con- 
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ductor per escal, while in the centre there are two. 
The higher the number of conductors, the closer the 
approximation. 

With 6 conductors per slot, a similar approximation 
can be made. In this case there are 3 top conductors 
in each escal, and the expression becomes 


6 sin (Sem) 
: 6 
n, sin (m) 


Generally with z conductors per slot, 


n 
z sin (Sem | 


. (2 
n,sin (sv) 

(2) Windings with one dummy coil.—If there is a 
whole number of slots per pole-pair, the escals are the 
same throughout a row, and the same expressions can 
be used as for phase windings. 

When the number of slots per pole-pair is not an 
integer, the expression for the distribution factor may be 
approximated as above, and the results are as follows :— 


fz = 


fe = 


, (= ) 
2z sin | —7 
; zS 
If p is even, J= j 
my Sin (27) 
z sin (27) 
If D 1S odd, T. z aea 


SECTION (5). D.C. Wavre WINDINGS WITH 6> I. 


These windings are seldom used, but they sometimes 
make it possible to avoid dummy coils if the number of 
slots is fixed by other considerations, such as the case 
of rewinding an existing machine. The most usual 
cases are a = 2 and a = p, and only these two cases 
will be considered here. 

Windings with a = 2.—-These are divided into two 
main classes, the singly re-entrant duplex, in which 
there would be only one circuit if the winding were closed 
on itself, and the doubly re-entrant, where there are 
two entirely separate windings. The singly re-entrant 
is obtained when y is not divisible by 2a, and the doubly 
re-entrant when y is divisible by 2a. Further, if p is 
divisible by a, there are equipotential points on the 
two portions of the winding, while if p is not divisible 
by a there are none. ; 

Let us take a few examples to illustrate these state- 
ments. 

(1) Consider a winding with a = 2, p= 6, z=2 
and 70 slots. y = (140 + 4)/6 = 24. 

In this case, y is divisible by 2a, so that the winding 
is doubly re-entrant and there are two entirely separate 
windings. We have, further, p divisible by a, so that 
there are equipotential points on the two windings, the 
potential pitch being N/a = 140/2 = 70. The second 


winding is therefore started at conductor 71, which 
occupies exactly the same position in the field as con- 
ductor 1. Hence the two windings are exactly identical 
in position. Each winding must now be divided up 
into the desired number of parts (6 for a three-phase 
connection), and corresponding parts in the two windings 
connected in series or parallel. 

(2) Consider now a winding with a = 2, p = 6,z = 2 
and 76 slots. y = (152 + 4)/6 = 26. 

In this case, y is not divisible by 2a, so that the wind- 
ing is singly re-entrant and only closes once. However, 
p is divisible by a, so that there are equipotential points 
and the potential pitch is N/a = 152/2 = 76. There- 
fore conductor 77 is in an equivalent position to con- 
ductor l and is the beginning of the second portion of 
the winding. 

(3) The next example is for a — 2, p — 5, z — 2 and 
72 slots. y = (144 — 4)/5 = 28. 

Here, y is divisible by 2a, so that we have two entirely 
separate windings. In this case, however, p is not 
divisible by a, so that there are no equipotential points. 
We can therefore start the second winding at conductor 3, 
and the two windings are displaced from each other by a 
slot pitch. They cannot be connected in parallel without 
giving rise to circulating currents. 

(4) The fourth example is fora = 2, p = 5, z = 2 and 
73 slots. y = (146 + 4)/5 = 30. 

In this case y is not divisible by 2a, so that the winding 
is singly re-entrant. There are no equipotential points, 
since p is not divisible by a. The total number of top 
conductors is 73, so that the numbers in the two portions 
are not equal. The first conductor in the second portion 
is in slot 30, so that the second portion is shifted from 
the first by four-fifths of a slot-pitch. 

(a) Angular positions of the parts with 2 conductors 
per slot.—The angular positions of the parts can be 
found in a similar way to that used for windings with 
a= Il. 

If the winding is singly re-entrant, the mean top- 
conductor number of the zth part is 


1 + (2N, — nz — 2)/p. 


If, however, the winding is doubly re-entrant, the 
two halves of the winding must be treated separately. 
The mean top conductor of the xth part in the first half 
is as above. The mean top-conductor number of the 


xth part in the second half is m + (2N; — n, — ?)Ip, 


where N and n, apply to the number of conductors 
in the second half only, and is the equivalent con- 
ductor number in the first pole-pair of the first top 
conductor in the second half. 

(b Angular positions of the parts with 4 conductors 
per slot.—In these windings, the conditions are different 
according as the winding is singly or doubly re-entrant. 

(1) Doubly re-entrant windings, i.e. windings in 
which y is divisible by 2a. In this type of winding the 
first half is entirely in the “ a” position in the slots, 
while the second half is entirely in the “ b" position. 
Each winding can be dealt with, therefore, as if it 
were a winding with a = 1 and 2 conductors per slot. 

(2) Singly re-entrant windings, i.e. windings in which 
y is not divisible by 2a. In this type of winding the 
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top conductors are alternately in the “a” and "b" 
positions throughout the winding, so that the positions 
of the parts can be determined in a similar way to that 
on page 250. 

The expressions for the sum of the slot numbers of 
the top conductors in the first x parts are 


'gf6N, + 2N,(Nz — 2)/p! 
1e .6Nz + 2N,(N, — 2)/p + 41 


if N’,/2 is even, 
if N,/2 is odd. 


(c) Angular positions of the parts with more than 4 
conductors per slot. —Windings with a = 2, with dummy 
coils, or more than 4 conductors per slot, are very 
seldom used, so that, as their treatment becomes com- 
plicated, it is of little practical value. 

(d) Distribution factors.—Similar approximations may 
be made as for the case when a — 1. The expressions 
in Section (4d) may be used, if Nz, N and S are made to 
refer to one half of the winding only. 

(e) Windings with a = p.—Multiplex windings with 
a> 2 are sometimes very convenient if it is desired to 
have more than two parallel paths per phase, and 
it is necessary for the parallel paths to be distributed 
over the whole periphery, as in the case of alternators. 
Windings of this sort have a — p and a whole number 
of slots per pole and phase. They can be worked out 
in a similar manner to the above. 

Consider as an example a three-phase winding with 
p =a = 3, z = 2, g' —3, and 54 slots. The span 
equation is y = (108 + 6)/3 = 38. The top conductors 
are shown in Winding Table 7. 


WINDING TABLE 7. 


D.C. wave winding, a= p = 3, z = 2, y = 3, three- 
phase, S = 54, N = 108, y = 38. Top conductors 


only. 

A 1 39 77 
7 45 83 

13 51 89 

19 57 95 

25 63 101 

31 69 107 

B 37 75 5 
43 81 11 

49 87 17 

55 93 23 

61 99 29 

67 105 35 

C 73 3 41 
79 9 47 

85 15 53 

91 21 59 

97 27 65 

103 33 71 


The winding is now divided into 3 divisions and each 
division into 6 parts. Each part consists of one row 
(in this case! and corresponding rows in each division 
are to be connected in parallel. Hows A, B and C are 


corresponding rows in the three divisions and they 
may be connected in parallel because they start 36 
conductors away from each other, which corresponds 
to one pole-pair, since there are 108 conductors in 
all. 

The connections may be brought out close together 
by connecting together conductors 1, 5 and 3, instead of 
1, 37 and 73, and using a few special connectors. This 
simplification can, however, only be carried out if 9’ 
is a multiple of p and a, or if g’ is one half of p and a. 
In the latter case, the phase-spread of the winding is 
120°. 


APPENDIX 1, 


GENERAL EXPRESSIONS FOR CONNECTION PotrNis. 


(1) Phase windings.—The conductor number of the 
first conductor in the (x + l)th part is 2u, + 1 + 0,N 
for a progressive winding. 

For a retrogressive winding, the above number is 
— Qu, + 1 + N. If this number is negative, N must 
be added to it. 

The last conductor in the 2th part is obtained by 
subtracting the front conductor span from the first 
conductor of the (x + 1)th part. 

If v, = 0, the lengthened or shortened front span 
must be used. Otherwise, the normal front span must 
be subtracted. 

To obtain 6', the double conductor span must be 
added to the number thus obtained. 

For example, in Winding Table 2, 


l= 1 1’ = 33 — 13 = 20 
2—= 44+ l+ 28 = 33 2° = 65 — 13 = 52 
3— 84-14-56 = 65 3’ = 15 — 15 = (0) = 84 
4=1441+0=15 4’ = 47 — 13 = 34 
5 = 18+ 1 + 28 = 47 5' = 79 — 13 = 66 
6 = 22 + 1 4+ 56 = 79 6 =1+28—15=hH 


(2) D.C. wave windings.— The conductor number of 
the first conductor in the (x + l)th part is 1 + 2u, 
+ (Nz + 2)vz, where the sign is the same as in the span 
equation. 

The last conductors can be obtained as above, except 
that the front span is the same throughout and 6 
is treated in the same way as all the other end-conductors. 


APPENDIX 2. 


PRACTICAL CHARTS FOR FINDING THE CONNECTION 
PoINTS FOR Two-LAvER PHASE WINDINGS HAVING 
A WHOLE NUMBER OF SLOTS PER POLE AND PHASE. 


Referring to Winding Table 1, it will be seen that 
connections l' and 2, 2’ and 3, etc., are one above the 
other, so that the joints have to be made close together. 
Connection 2 could be made on conductor 29 instead of 
5, so that 2’ occurs at conductor 20. The lengthened 
span is then from 18 to 31, instead of 42 to 7. In this 
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way the connections can be separated to avoid the risk 
of breakdown. 

In 4-pole three-phase windings the connections cannot 
be entirely separated, but partial separation may be 
obtained by adding N/p to 2 and 2’. 

Above 4 poles, 2N |p may be added to 2 and 2’, and 
N/p to 3, 3’, 5 and 5’ to obtain complete separation. 

For 2-phase windings, N/p is added to 2,2’, 4 and 4’. 

Chart 1 shows an end view of the connections of a 
stator or rotor, the rotor slots being numbered clock- 


wise and the stator slots anti-clockwise. The chart 
3- f 
Top left-hand bar N 
in slot N° — = S 
red d 
ba 
ib ` 
Bottom ri n hand bar — n -hla 
in slo T = N x N x 
A LEI to du hip 
bo bo 
3-phase 
Top left-hand bar n ib E 
in slot N° ——> 2 N e 
2 slew, Le 
v fy 
Bottom right-hand bar TOT eg v 
in slot —- alt] al" 
AX UM wow ml 
to to 
3-phase 
Top left-hand bar Hi I^ & 
in slot N° —. = ' ' 
e e z 8 | z 
Fad .9 feo . 
Bottom A usu hand i bar _ {|e ~ | bo 
A 4 M e A 
Rw RE 
So to 
2-phase 
p 
Top left-hand bar n 0 
in slot NO — 2 P 
2 eol 
5 D a : fF 
Bottom right-hand bar Tala _ |. 
in slot N° —+ ey bal oe A hs 
~“~S Y M 
MOL to R 
o bo 


&x/2-1 


APPENDIX 3. 


PRACTICAL CHARTS FOR FINDING THE CONNECTION 
POINTS FOR SPECIAL CASES OF PHASE WINDINGS 
WITH A FRACTIONAL NUMBER OF SLOTS PER POLE 
AND PHASE. 


Chart 3 shows the conductor numbers required for 
the connection points where g’ is a whole number + 4 
and z = 4 or 8. A chart is not given for a three-phase 
winding with g’ a whole number + 4 or § and z = 6, 
because on referring to Table 1 it is seen that the phases 


sg 
N T : — zi 

N [| 

x Ss aa a 

js N R 

bo bo 


6 poles and above 


R 
: P 

R 

ei 


5 =10g+1 +1 


— 


4 poles: partially separated 


4% 6" J[5-4g*1] 
F- 2e] [9-561 


& x/2-1 
E x/2-l 
Exp 
gx2- 
2'- 5g” 


g’x/2-1 


4 poles: evenly distributed 


3= 6g 


gx 


2 -7g51 

£i . 
Z- 58) B-8641] 
6-lg+l 


&x/2-1 


[9-267] 
gx : 
x/2-1 


4 poles and above 


2-5E1 


do — [bo 
NER i 
R & fai] R ad 
Áo N to R 
bo bo 


CHART l.—Connections for phase windings. 


shows the connections for three-phase windings for 
6 poles and above, separated as above ; connections for 
three-phase windings for 4 poles, partially separated ; 
and also for three-phase 4-pole windings with connections 
distributed equally round the periphery in order to 
obtain mechanical balance in the case of rotors. Finally 
separated connections for two-phase windings for 4 poles 
and above are given. 

Chart 2 shows the connections distributed as evenly 
as possible round the periphery in order to improve 
the mechanical balance in the case of rotors. The 
figures given represent slot numbers, and indicate that 
the connections are on the top left-hand conductors 
and bottom right-hand conductors in the slots shown, just 
as in Chart 1. 


are not symmetrically placed. In two-phase windings, 
g’ must be a whole number + 4 and z = 4 or 8, the 
number of slots per pole being a whole number. 

In three-phase windings with g’ a whole number + 4 
and z = 2 or 6, the connections may be separated by 
making the two parts of each phase unequal. The 
connections for these cases are shown in Chart 4. 


APPENDIX 4. 


ERROR INVOLVED IN THE METHOD USED oF FINDING 
THE POSITION OF THE PARTS IN THE FIELD (See 
page 232). 


This error can best be indicated by means of numerical 
examples. Consider first the somewhat extreme case 
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CHART 2.— Distributed Connections for Phase Windings. 


Number of poles 


8 12 14 18 20 24 
1 l l l l l l 
ferr gz[2 — 1 g*[2 — 1 g[2 — 1 g:;[2 — 1 g:[2 — 1 g;[2 — 1 
Vv S — 27’ S — 29’ S — 2g’ S — 29’ S — 29’ S — Ig 
ferr ‘ E g'z $ 2 g'z 
4 3g + 1 39° + 1 3g' + 1 3g + 1 3g + | 39 + l 
ferr g:[2 — 1| g;[2 — 1 g2[2 — 1 gz[2 — 1 g;[2 -- 1 g:[2— 1 
4’ , g g' g " 
ferr. 2g'z 5g'z g'z 8g'z 8g'z llg'z 
3 8g' + 1 l4g’ + 1 14g' + 1 209’ + 1 20q° + 1 267 + 1 
ferr gz/2— 1 g2[2 — 1 g;[2 — 1 gz[2— 1 g2[2 — 1 g:;[2 — 1 
3' 6g' 124 129' 1&q’ 18g’ 249’ 
ferr ‘2 z qz gz z z 
6 llg’ + 1 17g + 1 179° + 1 230° + 1 234’ + 1 299’ + 1 
ferr gz/2—1 g:[2 — 1 g2[2— 1 g:;[2 — 1 g:[2 — 1 g:[2—1 
8’ Og’ 15q’ 15q’ 21q’ 21g’ 27g' 
ferr 2g'z 2g'z g'z 5g'z 8g'z 8g'z 
5 169’ + 1 229’ + 1 28g' + 1 349° + 1 409’ + 1 467 + 1 
ferr gz[2 — 1 g2[2 — 1 g:;[2 — 1 gz[2 — 1 g:[2—1 g:[2— 1 
5’ 14g' 20g' 269’ 329’ 389’ 449’ 
ferr É- gz 'z qz z z 
2 199’ + 1 25g' + 1 31g' + 1 37g + 1 437 + 1 497° + 1 
ferr g2z{2 — 1 gz[2 —1 gz/2— 1 g:[2 —1 g:[2—] g:/2 — 1 
2v 17g' 23g' 29g' 35q' 41g' 479’ 
ferr 2g'z 5g'z 5g'z 8q'z 8g'z 113'z 
26 30 32 36 38 
2 l ] 
ferr g2[2 — 1 g:[2 — 1 gz2[2 — 1 g’z/2 — 1 gz{2—1 
1 S — 2g S — 29’ S — 2g S — 24 S — 29’ 
ferr z * z g'z E 
4 3g' +1 3g + 1 3g 4-1 39° + 1 3g + 1 
ferr gz/2—1 gz[2 — 1 gz[2 — 1 g'z/2 — 1 g:[2 — 1 
£ ‘ g' 4 
ferr 11g'z l4g'z l4g’z 17g'z 17g'z 
3 269’ + 1 329’ + 1 32g’ + 1 38g' + 1 38g + 1 
ferr, g2[2 — 1 g2[2 — 1 g2[2 — 1 gz[2 — 1 g'z[2 — 1 
3’ 249’ 30g" 30g 36g 369' 
ferr gz E- g'z z z 
6 29g + 1 aig’ + 1 359’ + 1 41q° +1 41g’ + 1 
ferr gz[2 — 1 g2[2 — 1 gz[2 — 1 g:[2—1 g2/2-- 1 
6’ 279’ 339’ 33g’ 39g' 3^9' 
ferr lig’z 11gz 14gz 14g'z liq’z 
5 52g' + 1 589’ + 1 649’ + 1 709' + 1 764 + 1 
ferr g2/2—1 gz/2 — 1 gz/2— 1 g:[2—]1 g:[2— 1 
5' 50q’ 56g’ 629’ 68,’ Ttg’ 
ferr. z ‘2 gz f z 
2 55g' + 1 61g' + 1 67g' + 1 73g + 1 79q7’ + 1 
ferr gz[2 — 1 g2[2 —1 g2[2 — 1 g:[2— 1 g:[2 — 1 
2* 53g' 59g* 65g' Tlg’ TIg' 
ferr lly‘z l4g’z l4g‘z 17g'z l7g'z 
10 16 22 28 34 40 
a ] l l l l l 
ferr gz/2 — 1 g2/2 — 1 gz[2 — 1 g:[2 — 1 g:[2 — 1 g2/2 — 1 
t S — 2g — 2g’ S — 2g’ S — 2g S — 29’ S — 2g 
ferr. É- 2 'z 'z z : 
A 3g + 1 3g + 1 3g' + 1 3g + 1 3g + 1 39 + 1 
ferr g2[2 — 1 g2[2 — 1 g2/2—1 gzf{2— 1 gz[2 — 1 g:[2—1 
4! g' , 
ferr 3g 2 6g'z 9g'z 12g'z 15g'z 18g'z 
5 10g' -- 1 165^ + 1 22g' + 1 28g' + 1 34q/ + 1 40g' + ] 
ferr g2[2 — 1 g2[|2 — 1 g2/2 — 1 g;[2 — 1 g2[2 — 1 g:/[2— 1 
5! 89’ l4q’ 209’ 269’ 32g’ 389’ 
ferr f. ‘2 gz gz z f 
2 13g + 1 197’ + 1 25g + 1 31g +1 374 + 1 4397 + 1 
ferr g2z/2 —1 g2z/2 — 1 gz[2— 1 g:[2—1 g:[2— 1 g2/2 — 1 
2* llg’ 179’ 239’ 299’ 359’ 41g' 
ferr 3g'z 6g'z 9g'z 129'z 159z 18g'z 
3 207 + 1 32g + 1 44g’ + 1 569’ + 1 68g + 1 80g’ + 1 
ferr gz/2— 1 g:[2 — 1 g2[2 — gz[2— 1 gz/2— 1 g2z/2 — 1 
3” 18y’ 309’ 429’ 549’ 66q’ 78q’ 
ferr E- g'z gz g'z g'z qz 
6 23g' + 1 35g’ + 1 479g + 1 599 + 1 719 + ] 83g + 1 
ferr. gz/2— 1 g2/2 — 1 gz/2 — 1 g2f2—1 g2/2— 1 g:[2 — 1 
6’ 214' 334' 459’ 510 69g 81q’ 
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CHART. 3.—Conncctions for fractional-slot phase windings. 
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CHART 4.—Connections for fractional-slot phase windings. 
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of a winding with p = 3, g’ = 14, z = 2. 
v = $. 

The vector diagram for the first part is shown in 
Fig. 13(a), where CA =p =3 and AB = pr, = 1. 
Z DAB = 180°/4 = 45°. 

Then / BCA = 10° 48’, whereas (3 x 0 +1 x 45)/4 
= 11° 18’, 

The error is therefore + 27’, 

For the second part [Fig. 13(b), however, ug = 2 
and ve=%, so that CA=p(l—v,)=2 and 
AB = pvo = 2. 

Then / BCA= 22? 30’ and (2x0+2 x 45)/4= 22? 30’. 


Then 4 = I, 


Fic. 13. 


Hence we see that if the diagram is symmetrical, 
that is, if CA — AB, no error is involved. Similarly, 
if there are more than two vectors and the first is equal 
to the last, no error is involved. 

The errors in part 1 for various values of g' are as 
follows :— 


g’ Error 
14 ay 
1} + 15’ 
1% Oo 
24 + 9 
24 + 6 
2§ + 3’ 


It will be seen that as g' increases, the error decreases. 

Taking, as a complete example, a winding with 
D = 6, g’ = 2h, the errors in all the parts and phases 
are as follows :— 


Part 


OQ Qvi Wh — 


Phase 
A 
B 
C 


Displacement 
between phases 
B and A 
C and B 

A and C 


Actual position 


16? 55' 

76° 33-5’ 
136° 17-5’ 
196° 1-5’ 
255° 44-5’ 
315° 23’ 


16° 28-25’ 
135° 50-25’ 
256° 9’ 


119° 22’ 
120° 18-75’ 
120° 19-25’ 


JAKEMAN: ALTERNATING-CURRENT WAVE WINDINGS. 


Approximate 
position 


17° 2’ 

70? 41-5’ 
136° 20’ 
195° 58’ 
255° 37’ 
315° 15-5’ 


16° 30’ 
135° 47-75’ 
256° 9-25’ 


119° 17-75’ 
120° 21-8’ 
120° 20-75’ 


Machinery.” 
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ON 


“THE DESIGN OF CITY DISTRIBUTION SYSTEMS, AND THE PROBLEM 
OF STANDARDIZATION.” * 


NORTH-WESTERN CENTRE, AT MANCHESTER, 16 NOVEMBER, 1926. 


Mr. H. A. Ratcliff: In the first paragraph of the 
introduction to the paper the authors express the belief 
that the domestic load will grow at such a rate that it 
will at least double, and probably quadruple, within 
the next 10 years. I fully agree with them and do not 
consider that it is by any means an unduly optimistic 
estimate, for, if my experience is any guide, the load is 
much more likely to be quadrupled than doubled. This 
possibility naturally raises very serious problems, and 
it is obvious that extensive and systematic develop- 
ment of distribution systems will be necessary. The 
old piecemeal, tree-like extensions, made without any 
definite regard to feeding points, uniformity of pressure 


N System load, 


ERE 
Ker cers 


Domestic demand,Sunday 


Domestic demand, per cent 


A.M. 


Noon 


uesday 9-11-26 


[System lead, Tuesday 926 | | VA | | 
ME 


another argument in support of the authors' advice to 
look well ahead. The reference to load densities is very 
interesting, and in this connection some corresponding 
figures relating to the Manchester electricity supply 
system may be of interest. In the suburban residential 
areas (excluding undeveloped land and open spaces) 
the load density is about 1800 kW per square mile. 
In the City the average density is about 35 000 kW per 
square mile, with a denser concentration, as high as 
75000 kW per square mile, in places. The most 
remarkable feature of the model scheme illustrated in 
the paper is the symmetrical rectangular lay-out. A 
mains engineer's duties would indeed be simplified if 


BEN 


12 


Fic. A.—Comparison between the system load curves and the EN: e demand expressed as a 
percentage of the declared connected load. 


distribution, or other considerations, will have to be 
replaced by definitely planned schemes of development 
which will be adaptable to the conditions imposed upon 
the distribution systems by the rapid growth of the 
radiator and cooker load. The standard system of the 
authors—somewhat on the lines of an expanding book- 
case—is a very good one, but it will be observed that 
the key-note is substations and then more substations. 
Unfortunately, this has one or two serious practical 
disadvantages, since my experience has shown that it is 
invariably difficult to secure suitable sites and, more- 
over, in nine cases out of ten, it is impossible to secure 
them in the exact localities desired. Having selected a 
suitable site and commenced the necessary negotiations, 
a delay of anything from six months to two years may 
ensue before possession can be obtained. The average 
period of delay is about twelve months, and this provides 


* Paper by Messrs. J. R. Beard, M.Sc., 
page 97). 


and T. G. N. Haldane, B.A. (see 


certain of his problems were reduced to a mere matter 
of rectangular co-ordinates, but unfortunately in 
practice this is not the case, for in some of the more 
recent residential areas the lay-outs are as far removed 
from the authors’ rectangular conception as possible. 
The figure of 24, given as the ratio of the sum of the 
consumers’ connected loads to the actual maximum 
demand on the generating station, is probably a fairly 
average value for a combined lighting, industrial 
power, and domestic load; but it may safely be said 
that as the preponderance of the domestic load becomes 
more pronounced, the value of the ratio will increase. 
For a purely residential load it would be very much 
higher. I have no figures available for the separate 
items of the domestic load, but the curves in Fig. A are 
interesting, in so far as they show very clearly the 
periods of incidence of the aggregate domestic load, 
expressed in terms of the total connections. Inci- 
dentally, the curves not only furnish information 
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relating to the characteristics of the domestic load but 
they also throw some light on the habits of the people 
concerned. During the week-days the interesting 
features are the morning and mid-day “ peaks," and 
the fact that the evening '' peak ” does not occur until 
the generating station ‘‘ peak ’’—due to the business 
and industrial load—has been well passed. The out- 
standing feature of the domestic load is probably the 
fact that the maximum '' peak ” occurs at about mid- 
day on Sunday, when it amounts to about 17 per cent 
of the total connections. Obviously, therefore, the resi- 
dential load is a very desirable one, so íar as the 
generating station is concerned, but its effect on the 
local substations and distributing networks calls for 
more serious consideration. A preponderance of the 
domestic load sufficiently pronounced to produce a 
‘‘ peak " on the generating station would, on the other 
hand, be very undesirable. Iam in complete agreement 
with the authors' advocacy of the three-phase, four- 
wire, system of distribution, and am pleased to observe 
that they advise the use of a neutral conductor of the 
same sectional area as the outers. From extended 
experience I am convinced that whether a distribution 
system be three-wire or four-wire, there is a sufficiently 
sound case for the employment of a neutral conductor 
of the same sectional area as that of the outer con- 
ductors. A possible exception may be made in the 
case of very large conductors of, say, 1 sq. in. section. 
So far as the actual lay-out of the network is concerned, 
there is much to be said for the use of feeders in pre- 
ference to the arrangement of tapering distributors. 
In practice, however, it is extremely probable that 
conditions will necessitate a combination of the two 
methods of feeding. In the case of the authors' ideal 
rectangular lay-out with substations located exactly in 
the positions desired, there is, no doubt, much to be 
said for the system of tapering distributors, but in 
practice it is not, as a rule, possible to attain such 
ideal conditions, and for this reason the feeder system 
possesses many advantages, since it is very flexible. 
When incorporating in an a.c. system of distribution, 
mains forming part of an existing d.c. system, the 
employment of feeders is, to a very large extent, 
unavoidable. It appears to be more than probable 
that the most troublesome feature of a.c. distribution 
systems will be the regulation. Allowing for regulation 
in the primary and secondary high-tension feeders, and 
the additional regulation of the two transformer steps— 
quite apart from the pressure variations in the low- 
tension distributors—it is obvious that considerable 
difficulty will be experienced in complying with the 
requirements of the Electricity Commissioners in respect 
of limits of permissible pressure variation. Without 
the use of pressure-controlling devices, such, for 
instance, as induction regulators, it is unlikely that 
the regulation of a.c. systems will approach the limits 
possible on a well-laid-out and suitablv-controlled d.c. 
system. With regard to the choice of type of cable, I 
am in full agreement with the authors' preference for 
lead-covered, paper-insulated, armoured cable laid 
direct in the ground. Two schemes for the arrangement 
of the secondary high-tension feeders are illustrated in 
the paper, but there can be little question that of the 


two the ring system, with radial feeders, is preferable. 
With a suitable arrangement of radial and ring feeders 
it is possible to employ the available copper to greater 
advantage in the event of a failure of one or more of 
the cables. It seems very unlikely that a pressure of 
33 000 volts will be used for the secondary high-tension 
feeders—not because of any question of relative relia- 
bility of 33 000-volt and 11 000-volt cables, but because 
of the greater expense of 33 000-volt substations and 
their equipment, arising from the necessity of providing 
greatly increased clearances. A pressure of 11 000 volts 
is quite high enough for the secondary feeders, and in 
some cases this may be reduced with advantage, 
particularly where underground chambers and street 
kiosks are employed. I fully agree with the authors 
that the complete change-over of the central and more 
densely loaded areas of large cities from direct to 
alternating current is not a commercial proposition. 
The better plan is to furnish, so far as is possible, a 
high-tension a.c. supply to the larger consumers and 
in the course of time gradually to superimpose a system 
of a.c. low-tension mains on the existing d.c. distributors. 

Mr. O. Howarth: The authors could not go into 
very full detail, but one point I should like them to 
make clear is whether they suggest that four-core 
cables should be continued even along the side streets 
shown in the diagram. One or two undertakings make 
a practice of distributing by two-core cables along the 
smaller streets instead of taking the four-core cables 
right through. Another point, mentioned on page 107, 
is the protection of transforming substations by means 
of reverse-power relays on the low-tension side of the 
transformers. Do the authors suggest that the relavs 
should be three-phase or three single-phase ? On 
page 110 they give a diagram showing the standing 
charges of distribution on their system, for various load 
densities. I think that for a suburban district where 
the load is entirely a domestic one we might take 
2 000 kW per square mile as a reasonable load density 
at the present time. The standing charges are £10 
per kW per annum. The authors quote a figure of 
4:3 from an American association as the diversity for 
cooking loads. Suppose we take a diversity of 4 for 
the domestic load, that is the consumers' individual 
demands against the station demand— Mr. Ratcliff's 
curve rather suggests that the consumers have very 
similar habits and that there may not be very much 
diversity between their individual demands. How- 
ever, taking a diversity of 4 to 1, and a domestic load 
factor of 124 per cent, which seems a fairly reasonable 
figure supported by actual experience, this gives a load 
factor of about 50 per cent for the demand on the 
substation. Taking the figure of 50 per cent, if we 
follow the 2000 kW line in Fig. 9 we see that the 
standing charges will come to 0-55d. per unit, which 
does not justify the price at which electricity is being 
sold in some areas to-day. After all, 2000 kW per 


. Square mile in suburban districts is a fairly good load 


because the electric house is not quite as cheap as the 
old-fashioned one where there are coal fires and no 
radiators. I am wondering what is going to happen 
when suburban districts become saturated, because 
the period will be reached when all the load that is to 
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be got will be obtained. There can only be a certain 
number of houses to the square mile in a suburban 
district ; and when they are all electrified we cannot 
get any more load. We are a long way from that state 
of affairs. but we have to remember that this 15 per 
cent increase per annum will not continue indefinitely. 
Mr. L. Romero: I should like to ask the authors 
what the four types of area, “ A," '" B," “C” and 
“D” really correspond to; are they just arbitrary 
divisions or do they represent classes of area, such as 
working-class residential, middle-class residential, shop- 
ping, business, etc? Do the authors contemplate 
that one city will be of type '' A," another of type 
“ B," and so on, or that the four types of standard 
distribution system are all to be developed in one town ? 
It appears to me that the division of areas into these 
four types is somewhat arbitrary and undesirable, 
particularly as the present load density of an area is 
not necessarily a reliable guide to its future load density. 
A working-class residential district, for instance, will 
almost certainly be in type “ A ” now. but in 15 years’ 
time it may be well on the road to type ' D." Con- 
verseiy, an area which by its present loading is in 
type '" D," might in 15 years be in type “B” or 
type "C." The chief disadvantage of adopting these 
four standard types of distribution system is that if 
an area outgrows its tvpe the substation and network 
are not suitable for the next larger type. Table 3 
proposes three different sizes of substation, three 
different sizes of transformer and no less than five 
different sizes of low-tension distributor. We seem 
here to be rather getting away from standardization 
and I would suggest that only one size of main dis- 
tributor (say 0-25 sq. in.) should be used, and one, or 
at the most two, sizes of sub-distributor for the less- 
important streets. The ideal is that the network of 
main distributors in a city should be made up of one 
size of cable only, so that a standard transformer 
substation might be put down at almost any point 
and feed direct into the network. Assuming distri- 
butors on both sides of the streets, eight distributors 
would be available for conveying energy from a sub- 
station installed at the intersection of two streets. No 
extra main distributors would be required, and one 
size of transformer, and one size of substation, could 
be adopted as standard. I agree that 11 000 volts is 
preferable to 33 000 volts for the feeders to the final 
transforming centres, but I think that considerable 
advantages would be obtained by using a still lower 
pressure. The lower the pressure the more flexible 
the svstem, as less space is required in substations 
and the equipment is cheaper. Every large building 
where the demand is likely to exceed 100 kW, whether 
shop, hotel, or block of offices, should preferably be an 
e.h.t. consumer, and this would be easier and cheaper 
to effect as regards the work inside the building, the 
lower the e.h.t. pressure. Have the authors actually 
worked out the problem of installing underground 
11 000-volt substations of the capacities recommended 
in the paper at intersections of busy streets? I should 
say, offhand, that it could not be done. On page 98 
is given a list of limitations affecting the design of 
a standard system. I should like to suggest a few 


other limitations which are also very important. (1) 
Rivers, canals, railways, parks and open spaces all divide 
the load areas of towns into sections and prevent the 
regular lay-out and development contemplated in the 
paper. (2) E.H.T. consumers usually occupying each a 
considerable area are dead areas so far as the low- 
tension networks are concerned, and are apt to make 
them very irregular. (3) The various kinds of city 
areas usually join on to each other in the most irregular 
fashion, and I venture to think that one would not be 
likely to find outside London any really large, fairly 
homogeneous areas to work upon. I entirely agree 
with the authors' recommendation that all four con- 
ductors in low-tension four-core distributor cables 
should be of the same size. The authors' remarks on 
changing over d.c. areas to alternating current are 
interesting. We have done a good deal in that direction 
in Salford, and my view is that a complete change-over 
in power areas is not so impracticable as the authors 
seem to think. We have dealt with the general change- 
over problem in three ways: (1) By changing-over 
d.c. three-wire networks in residential districts to 
single-phase three-wire ; (2) by superposing low-tension 
three-phase four-wire networks on the existing d.c. 
networks in power areas; and (3) by changing-over 
individual large power consumers. The net effect of 
these efforts has been to keep the d.c. load stationary 
during the past 5 years and I hope that we shall be 
able to reduce it gradually in the future. I am 
inclined to think that the provision of duplicate trans- 
formers in every substation is unnecessary, as my 
experience is that 6 600-volt feeders and transformers 
practically never break down. 

Mr. J. S. Peck: I am very pleased to see that con- 
sulting engineers .are now recommending standardiza- 
tion. We manufacturers have been accustomed to 
lay the blame for the chaotic condition of the electrical 
industry in this country at the door of the customer 
and his ally, the consulting engineer. In the not-far- 
distant past it appeared to be the considered purpose 
of each consulting engineer to impress his own individual 
personality upon every piece of apparatus which he 
handled. Take, for example, such a simple thing as a 
transformer. It was necessary to contend not only 
with differences in frequency, in voltage and in capacity, 
but also with differences in views as to insulation, as 
to core material and flux density, current density in 
the copper, the type of terminal, blocks and number of 
tappings, etc. Thus practically every order had to go 
first to the electrical design office, and then to the 
draughting-room, before any work could be started on 
its actual manufacture. Everyone who has had experi- 
ence in manufacturing knows that, whenever the con- 
struction of a special piece of apparatus is undertaken, 
there are many chances of its going wrong. The 
electrical designer, in his anxiety to get the very best 
out of his matérials, may '' sail a bit too close to the 
wind." The draughtsman may make a slip or an 
error in judgment, and when drawings and specifications 
reach the shop the workman has great difficulty in 
finding what the engineers and draughtsmen really 
want him to do. When apparatus has been standardized, 
neither engineer nor draughtsman need touch it, and 
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the workman knows just what is expected of him and 
how to do it. Thus the cost of production is greatly 
reduced, the chances of error are largely eliminated 
and the purchaser is reasonably assured of getting 
apparatus sound in design and construction, When we 
have standardization we shall be able to stock raw 
materials, semi-finished and completed apparatus. In 
different districts completed apparatus will be carried 
in stock and sold over the counter, while the purchaser 
will be reasonably sure of getting a piece of apparatus 
which has been thoroughly tried out, and will be able 
to depend on its reliability. If purchasers only appre- 
ciated the enormous advantages to them which would 
result from standardization, they would quickly take 
" their stand alongside the authors and demand stand- 
ardization. There are undoubtedly great difficulties in 
bringing all the distribution systems to a common 
standard, but the main point is to bave a standard 
system agreed, towards which we can continually press, 
and thus the special and freak types of distribution 
wil gradually be eliminated and our ideal of one 
standard will draw nearer and nearer. 

Mr. W. A. A. Burgess : I agree with the authors' 
remarks on the growth of load, but I think they put 
the figure too low. My experience is that it is more 
likely to be 20 per cent, excluding the large consumer. 
With regard to standard voltages, most of those present 
will agree that they are extremely necessary, even more 
necessary than a rigid standard of periodicity. A 
Standard of periodicity below 50 cycles will not, in my 
opinion, very largely affect the small consumer. It 
will be a question more for the large consumer, who 
can take care of himself to the extent, at least, of 
insisting upon terms of supply commensurate with any 
disadvantages under which he may find himself with 
regard to periodicity. With regard to distribution, 
alternating current should surely be the ultimate aim, 
but it must be as clear to the authors as to the other 
engineers who have spoken, that it cannot be done at 
once, and that in some cases direct current must still 
remain in central areas. With regard to the provision 
for extensions, supply engineers are not quite so blind 
as they are held out to be. My experience is that as a 
class they are very far-seeing, and at least think several 
years ahead. I am very glad that the authors have 
shown up the extra cost of excavation and reinstate- 
ment, and I should like to make a plea that this subject 
should receive the attention of the highway and town- 
planning authorities. I very much doubt if they ever 
give it a thought, and I would suggest that some sort 
of standardization should be arrived at in the way of 
a distinct allocation of the position and depth of the 
various essential services, such as gas, electricity and 
water. Removable concrete or stone slabs on self- 
draining bearers with a decent sand-filled space below, 
and subways at cross streets, might be found worthy of 
consideration. On the question of having neutrals of a 
section equal to that of the outers, everyone seems to 
be agreed this would save money and avoid bad voltage 
regulation with a minimum of trouble. As to low- 
tension distribution, I was at first inclined to disagree 
with the authors in their advocacy of the feeder system, 
but on considering Fig. 2 one finds that at Stage II 
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the distributor system is closely approached. It is 
being gradually worked towards all the way, so that 
what one feels inclined to object to, in the first place, 
on the score of voltage regulation, one is really led into 
in the course of extensions. A system which appeals 
to me more, perhaps, since I have tried it and used it, 
is a ring-main system with a suitable number of spokes, 
the ring main being more or less of a stand-by. With 
regard to armoured cable, I think the authors' selection 
is warranted, but the plain lead-covered cable certainlv 
has its place. If, as suggested, the question of the 
allocation of cables and their accommodation in the 
streets be really considered by the town-planning 
authorities, lead-covered cables could most easily be 
used, and it is my opinion, from actual experience, 
that something might be done in the way of deliberate 
oxidation at the manufacturers’ works, instead of the 
present expensive form of waterproofing adopted. I 
should also like to suggest that link boxes and other 
sectioning devices should be given more attention than 
appears to have been given in the past. It should not 
be necessary to use rubber gloves or open a big street 
box in order to make link alterations. I would suggest 
that apparatus designed to operate by means of a 
simple turnkey or lever inserted into a small subsidiary 
recess would be much more desirable. In connection 
with the high-tension distribution, the multiplication 
of transforming centres certainly appears to be the 
correct method, but I cannot quite agree with the 
authors' advocacy of the duplicate transforming radial 
system. It appears to me that the ring-main system 
with the spokes on the lines of Fig. 3 might be adopted, 
but using only four diagonal feeders and omitting the 
central ring. That would give a very flexible system, 
and would not require any more switchgear than is 
shown in the illustration, even if a separate switch were 
provided for each individual transformer, assuming that 
only single transformers were used. I hardly think that 
the present-day distribution system demands the 
installation of duplicate transformers. If one links up 
on the low-tension side reasonably well, surely that 
should be sufficient. It is not necessary in all cases to 
install switchgear. A simpler and equally efficient dis: 
connecting method might be adopted, but I would 
urge that some means of ready disconnection should be 
provided on the high-tensicn side. That, in my experi- 
ence, has been a source of inconvenience and trouble in 
the past. The radial system, as illustrated, will be 
recognized by many engineers as having been tried in 
the early days in quite a number of provincial cities. 
Engineers are, however, more and more tending towards 
the interlinking of those centres by a form of ring 
system, solely on the question of operation, inspection. 
maintenance and ready extension. The authors make 
a very definite statement in their paper with which I 
am bound to disagree. They say that ''switchgear 
failures are the chief cause of extensive interruption of 
supply," and I should like to know if they have any 
really solid backing for that assertion, or if they did 
not mean to preface the word '' switchgear '" with the 
word '' inadequate '' or "obsolete." My experience is 
that with reasonably-constructed well-designed switch- 
gear the failures are remarkably few. Engineers 
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must always take care that they do not exceed the 
breaking capacity of the gear at the point at which it 
is installed. It is very often difficult suddenly to 
change switchgear which is obviously overloaded in 
respect of capacity, but they can quite easily remove 
the trips and make it a non-automatic isolating equip- 
ment for the time being, and this is a common practice 
as a temporary expedient. As regards protection, I 
do not think that Mr. Beard, in his own mind, whatever 
Mr. Haldane may think, is really serious in advocating 
other types of protective device than the balanced 
forms. It must only be a question of expediency as 
regards economics which leads him to suggest the use 
of such non-discriminating devices as earth-leakage and 
reverse-current protection. However much the reverse 
relay has been improved, and to my knowledge it has 
been improved considerably, it is only a question of 
total amperage on a leading power factor for it to 
operate in the straight direction instead of in the 
reverse direction. With regard to earth leakage, Mr. 
Hawkins in this area has found it necessary to 
balance both ends of a feeder to prevent incorrect 
operation by faults beyond, and another development 
which obviates the usual troubles of indiscriminate 
operation is the earth-leakage system due to Mr. 
Howard of the Sheffield Corporation, which operates 
only by the current leaking to the case of a transformer 
or the frame of a machine. That is a system which 
does not appear to have any disadvantages, as regards 
indiscriminate operation, and it has many advantages, 
not the least of which is sensitivity. 

Mr. W. Kidd: The construction of a large number 
of substations means an increase in the number of 
possible sources of trouble. I think, therefore, that 
there should be as few substations as possible, con- 
sistent with obtaining the minimum total cost for the 
whole of the distribution system. Only those who are 
dealing with these matters can have any idea ot the 
difficulties which have to be overcome before a site 
can be obtained, building plans passed, and the sub- 
station put into commission, in a large city. The 
word ‘‘ compensation ’’ seems to appear magically, and 
such questions as right of light, right of way, setting- 
back building lines, and possible nuisance, arise, and 
cause a great amount of trouble and some delay. The 
suggestion to put transforming centres on existing 
private premises is one which deserves consideration, 
provided that security of tenure—which is very 
important—and good accessibility are obtainable. On 
page 99 the authors refer to losses in the system. The 
kVA of these duplicate transformers is such that the 
maximum normal load is 75 per cent of their rated 
load. As the peak-load periods are of short duration, 
the transformers must work for long periods at very 
low load. I should like to know what percentage of 
average load on the transformers the authors have 
assumed in their calculations of the losses. On page 100 
the extra overall cost of distribution of direct current 
is given as 20 to 40 per cent. I have looked into this 
question from a different point of view, i.e. the amount 
of capital necessary. For substations to supply a load 
of 2000 kW I found that the index figure of capital 
outlay for an a.c. station would be 1; for a manually- 
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operated d.c. station 3:5; and for an automatic d.c. 
station 4:5. An additional capital expenditure of 
approximately £250 000 is therefore required to deal 
with about 30 000 kW on a d.c. system. Capital is a 
very hard taskmaster, demanding its dues in lean times 
as well as in prosperous ones. It behoves us, therefore, 
to obtain the maximum output for our investment. 
There is no doubt that an a.c. system is the better one 
to enable us to attain that result. The authors also 
suggest the standardization of the capacity of trans- 
forming centres. I agree with them, as far as it is possible 
to standardize, but a range of standard sizes 1s necessary 
because, as mentioned by previous speakers, it is 
impossible to put a substation where it theoretically 
should be. In this district it has been found quite 
possible to standardize, within certain limits, not only 
the capacity of the stations but also the equipment. 
This is a great advantage both from a financial and an 
operating point of view. High-voltage switchgear has 
been standardized in three sizes, depending on the 
rupturing capacity required on the different parts of 
the system. Transformers have also been standardized 
in four sizes, the same sizes of transformers being 
capable of paralleling with one another. By this 
arrangement the amount of stock spare plant, the 
time required to make changes, and the cost thereof, 
are kept to the minimum. I quite agree with the 
statement that transforming centres should be of the 
two-unit type. Again I have looked at the matter 
from a different point of view, and the conclusion at 
which I arrived was that it was more economical to 
have two-unit than three-unit substations. The amount 
and capacity of switchgear installed has a big bearing 
on this point. Those who deal with substations soon 
realize that the predominant factor is switchgear, 
especially in a large city, where the concentration of 
load within a small area necessitates the use of high- 
voltage switchgear of large rupturing capacity. Circuit 
breakers of 250000 kVA rupturing capacity are quite 
common here. As these units cost £200 or £300, it is 
quite obvious that the correct thing to do is to eliminate 
as much switchgear as possible. If the distribution is 
at 33 000 volts to all transformer centres, and is there 
stepped direct to 420 volts, the cost of switchgear in 
these centres will be a very big item. A double step- 
down system has advantages in minimizing shocks, 
reducing the capacity of switchgear, and increasing 
the reliability of the distribution system, Fig. 3(a) 
indicates a smaller number of switches than many of 
us would consider necessary, while Fig. 3(b) seems to 
contain an unnecessary number of switches, in view of 
the reliability of the 6 600-volt system. I think it is 
possible to get an arrangement combining the two 
systems which would, on the whole, be cheaper. With 
regard to Fig. 8, I should like to know whether the 
figures are merely comparative index figures, or whether 
they represent pounds sterling—presumably the former. 
The particulars of distribution systems in cities are 
very rarely published, but it would appear that the 
distribution problem has not been tackled in the past 
with so much success as the power station problem. I 
think that the authors have served a very useful purpose 
in submitting their proposals to the Institution. 
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Mr. A. J. Lovell: I am inclined to think that in 
the areas of higher load densities the low-tension dis- 
tributor system would, in practice, develop into a 
combination of the feeder and distributor systems ; 
one of the chief determining factors would be the diffi- 
culty of obtaining suitable sites for substations, especi- 
ally when spaced as frequently as suggested. I notice 
that the authors advocate the use of neutrals of the 
Same section as the phase conductors. I fully agree 
with this from the points of view mentioned; but in 
the distributor lay-out described there appears to be 
lving idle in the neutrals a large amount of copper 
which would go a long way to supply phase copper in 
a feeder system. Twelve distributors are shown from 
each substation. Assuming them to be 0-3 sq. in. 
(for the area of greatest density) there will be a total 
of 3-6 sq. in. of copper in the neutrals to deal with the 
normal out-of-balance load. If the substations are of 
necessity more widely spaced than desired, this copper 
might be more usefully employed in a combined feeder 
and distributor system where, say, a four-core 0-3 or 
0-5 sq. in. distributor would be run to a selected feeding 
point and strengthened, as the load increased, by 
one or more three-core feeders drawn in pipes or ducts 
laid at the same time as the original distributor. The 
distributor principle would then be carried out from 
this point. I would go further than this, and sug- 
gest that all neutrals might be linked together outside 
the substation, and one or two neutrals only brought 
into the substation. With regard to the use of 
unarmoured waterproofed cables, I do not think the 
present is the time to adopt auv cable or apparatus 
which is more liable than another to interfere with the 
continuity of supply. For economy in network design 
we must have a continuously growing demand. In- 
terruption of supplv should be avoided at all costs, if 
we are to retain the confidence of the public. 

Mr. V. A. Brown: Standardization of distribution 
schemes is, without doubt, a desirable ideal and would 
be effective in reducing the cost of and extending 
electricity supply. My remarks will be confined to 
the question of high-voltage switchgear. It is agreed 
that the minimum amount of switchgear should be 
used, compatible with safety, reliability and a sufficient 
degree of control. But the elimination of all high- 
voltage switchgear and busbars at the transforming 
centres, as recommended in the authors' simplified 
radial parallel-feeder scheme (Fig. 3), would infringe 
Home Office Regulation No. 7 and would also reduce 
the degree of control. The memorandum by the 
Electrical Inspector of Factories clearlv states that 
"in a supply from public mains there should be 
generally at least a main switch which an unskilled 
person may use without danger." I do not know of 
any supply engineers who are economizing to the extent 
advocated by the authors. The consequence of such a 
policv might be serious and not economical at all. 
Rather than sacrifice present control facilities and 
safety measures, an equal, if not greater, economy can 
be obtained bv standardizing the type of switchgear to 
be installed. The perpetuation of several types does 
not allow manufacturing costs to reach their minimum 
value, on account of the limited demand for each 


individual type and the many variations demanded of 
each tvpe. Standardization of switchgear can become 
a reality only by the mutual agreement of switchgear 
users as to which type is to be standard. Such 
standardization is as badly needed as standardization 
of distribution schemes. 

Mr. J. B. Palmer : I am particularly interested in 
the mention by the authors of the standardization of 
voltages. If they had been staying in Manchester a 
little longer I, should have asked them to inspect the 
storerooms and packing rooms of a firm manufacturing 
lines of domestic electrical apparatus. They would 
have seen fires of various types—not a very large stock 
at the moment—but certainly j-kW, 1-kW, 2-kW and 
3-kW fires, in various finishes, oxidized copper and 
oxidized silver, and in various qualities to suit different 
purses; also 2-pint and 3-pint kettles in copper and 
nickel finish, smoothing irons, and a multitude of other 
apparatus. I do not know how many varieties of 
lamps, but there would be many different watt ratings, 
to say nothing of the different types of caps, glass, 
filament, etc. The authors would appreciate that the 
storekeeping, packing and accounting in an electrical 
apparatus warehouse is a sufficiently complicated 
business in any case, and when one considers that in 
the territory served by Manchester stores there are 
eight or more different voltages to cater for, the problem 
becomes really formidable. Looking at it from one 
point of view only, and that a minor one, namely 
storekeeping, the survival of so many different voltages 
is undoubtedly a handicap to efficient production and 
distribution of domestic electrical apparatus. If the 
case for standardization put forward by the authors 
has the effect of only slightly reducing the number of 
voltages of supply their efforts will be appreciated. 

Mr. F. Barlow: It appears to me the authors 
have not taken into consideration the large power user 
of the future. The distribution pressure of 11 000 volts is 
too high and a supply will have to be given to all large 
power users at high tension, say 3000 volts, because 
there is an increasing tendency in all large works and 
collieries to put in high-tension machines from 50 h.p. 
In collieries they do not want to run low-tension feeders 
down the shaft, and in an increasing number of cases 
they are running 3 000-volt lines down the pit shaft 
and taking all the power over and above 50 h.p. from 
the 3 000-volt supply. 

Mr. A. McKinstry: The figure of 15 per cent for 
the annual growth appears to me to be low, and for 
this reason. At present we are on the eve of very 
large developments in this country which might be 
taken as comparable with the development which is 
going on in the newer countries such as some of our 
Dominions, where the restrictions which hamper 
development here do not exist. I have had an 
opportunity of making a very extensive study of some 
of the big systems in the Dominions, and the figures 
produced there showed fairly clearly that the aunual 
growth would be in the neighbourhood of 20 per cent. 
I think that is a better figure for the future develop- 
ment of electricity in this country; at any rate, I 
hope it is. The paper does not refer to a method of 
developing the outlving areas in the cities. I take it 
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that one object of the Institution is to develop the 
electric load ; but the system sketched by the authors 
appears to me to be too elaborate and expensive for 
outlying areas. My own experience is that magnificent 
work in that direction can be done by using, in new 
outlying areas, an overhead system of distribution to 
consumers’ premises. Whether that conflicts with the 
Electricity Commissioners’ Regulations in this country 
I do not know, but the fact remains that it is one of 
the finest, cheapest and quickest methods of developing 
new areas. When the area is developed up to a certain 
point some such system as that described by the 
authors can be installed. Another point which is not 
dealt with in the paper and which is of absorbing 
interest at the present time in this country is the extent 
to which overhead extra-high-voltage transmission of 
the order of 80000 to 150000 volts can be used 
in the neighbourhood of large consuming areas. If 
these super-stations which have been so much talked 
about in the last few years are to develop they will 
be built, I imagine, somewhere outside the crowded 
areas, and perhaps in positions where interlinking, of 
which also we have heard a good deal, will be possible. 
One city I know of, the area of which is as big as that 
of London, though it is very much more open, has 
brought 120 000-volt lines to within five miles of the 
centre of the city. That system is to-day in everyday 
use for the supply of power to the city, and it seems to 
me that any system which is going to develop the 
electrical supply of this country must take into account 
the necessity of bringing current in bulk into the areas 
by a much cheaper system than underground mains. 
Another suggestion I would make to the authors in the 
position which they occupy, and in which perhaps they 
are able to use their influence, is that they should 
tackle the Commissioners' restrictions in regard to 
distribution. Unless the conditions are made more 
flexible the electrical load in this country will never 
grow to the extent that we hope for. One final word 
with regard to the advisability of standardization. 
Mr. Peck has spoken of the advantages from the 
manufacturer's point of view, and I should like to 


emphasize what he said by one illustration. Some 
years ago, when I was fairly closely connected with 
testing in a manufacturing concern, in one year 
there were tested apparatus varying in speed from 
50 to 3600 r.p.m., in voltage from 60 to 13 500, in 
frequency from 16 to 133%, and in size from small 
units of, say, 4 h.p. to units of 11 000 kW, with every 
possible permutation and commutation of these variables. 
To the extent to which this paper favours standardiza- 
tion, the authors have rendered the industry a service. 

Mr. J. L. Thompson (communicated) : The support 
and recognition of the necessity for a standardized 
distribution voltage as propounded by the authors 1s 
indeed a big step forward in the right direction. Until 
the distribution voltage and system of supply (i.e. 
direct or alternating) are standardized there cannot be 
any great hope of rapid increase in domestic load for 
the following reasons: (1) The cost of domestic appli- 
ances is too high, due to non-standardized parts and 
the variety of voltages and frequency to be catered for ; 
and (2) consumers under present conditions cannot 
move from one area to another without, in many cases, 
scrapping their apparatus or selling at a low figure, 
and purchasing new apparatus again to suit the new 
system. This loss will not be undertaken by the 
average consumer, and the result is a minimum instal- 
lation of domestic apparatus. Standardization has been 
advocated by manufacturers for many years, and it is 
safe to say that manufacturing times could be easily 
halved, and in some instances reduced to one-third, if 
standard voltages, kVA ratings, etc., prevailed through- 
out the country. This would necessarily mean reduced 
manufacturing costs and quicker turnover. Standardi- 
zation should not be carried beyond the ranges of size 
of apparatus for which there is a definite and constant 
demand. The standardization of large and high- 
voltage units is hardly possible as yet, due to small 
relative demand and the unknown requirements of the 
future. 


[The authors’ reply to this discussion will be found 
on page 271.] 
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Mr. H. Dickinson: Although we should all like our 
systems to be laid out in the way which the diagrams 
and lantern slides indicate, I do not see how it is possible 
to attain anything like the theoretical symmetry in 
practice, and we can only aim at arriving as near as 
we can to the ideal. I fully agree with the authors in 
regard to the standardization of the low-pressure 
supply at 400/230 volts, and I am pleased to say that 


that is our standard. There is no doubt that if this ° 


standard voltage had been fully adopted it would have 
been of immense advantage to the manufacturers and 
would most certainly have tended to cheapen the cost 
of apparatus and thus benefit users. The standardiza- 
tion of type of current is possible, of course, to a degree, 
but it is very difficult in a city like Liverpool to change 
over entirely to alternating current. We are changing 
over gradually in some places right in the centre of the 
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city, thus relieving our main d.c. substations, and I 
think this is the right line to take, but it will be many 
years before the whole of the system is changed over. 
I have no fault to find with the authors’ figures for 
load density, though in Liverpool we have nothing 
approaching the higher figures given. I should like to 
mention, however, that I have taken out some returns of 
our consumers who have adopted full electric equip- 
ment, i.e. water-heating, cooking and radiators. In 
some cases consumers are using 80 times as much energy 
as they did when they only had electric lighting. 
These are perliaps exceptional cases, but in many 
others the ratio is 30, 40 and 60. On page 99 there is a 
reference to diversity, but no figures are given for the 
diversity factor. It would be very interesting if the 
authors would state what factors they have assumed. 
The footnote on the same page refers to some American 
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figures, and I think there must be some mistake in the 
last sentence reading: ‘‘ The peak demands of the 
groups varied from 12 to 15 per cent of the installed 
capacity." Should it not read ". . . 12 to 15 per cent 
of the sum of the individual peak demands." ? I note 
that the authors prefer the distributor type of low- 
voltage network and I should like to point out that 
Fig. 1 shows a mixture of the feeder type and the distri- 
butor type. It will be noticed that four of the mains 
from the substation run to the outer blocks before they 
begin to distribute, and therefore the length of cable 
from the substation to the nearest portion of the block 
is a feeder. Fig. 2 shows a pure distributor type, and 
I agree with the authors that this type is the best. I 
should like to point out, however, that it is impossible 
in practice to carry out a scheme on the symmetrical 
lines indicated, as there are so many conditions that 
prevent this, and one is forced in many cases to put 
substations in positions which are not the best, but 
which are on the best available sites. In practice, in 
a developing district the demand starts in a small way, 
and a fairly large main is run out from which distri- 
butors are taken throughout its length. The load 
may develop in another section of this area, and another 
main would be run out from which distributors would 
be taken. Distributors from each of these mains would 
gradually come closer and closer together and would ulti- 
mately be linked up, and so the load increases on that 
particular substation until it is found necessary to 
relieve that substation and another suitable site has 
to be found. The same process begins again, but the 
result wil never approximate to the uniform scheme 
shown on Fig. 2, although in general principles it is the 
same. I do not know whether the authors are sug- 
gesting that substations should be put underground. 
If so, of course, a substation could be more easily put 
in the theoretical position than if it had to be put 
overground. If, on the other hand, underground 
stations are installed, would there be any difficulty in 
the use of 11 000 volts? I believe there are regulations 
restricting the use of 11 000 volts to underground sub- 
stations. In regard to the type of high-voltage dis- 
tribution system lay-out, the authors agree that the 
simplified interconnected-feeder system is more flexible 
than the radial parallel-feeder system, but that the 
latter is cheaper than the former. I should have 
thought on the face of it that the latter system 
would have been more expensive. Certainly from the 
point of view of developing an area the interconnected 
system seems to be much more adaptable, as a feeder 
can be run out from the centre and brought back 
through another district, thus forming a loop, and it is 
quite easy by this means to loop in and out of a new 
substation. I think it must be agreed that this system 
gives a greater security to supply and is much more 
flexible and adaptable than the parallel feeder system, 
as by means of protective gear any section can be cut 
out and the load can well be fed from the portions of 
the loop still intact. I do not agree with the authors' 
contention that it is sufficient to have one switch at the 
main distributing centre on the high-tension side, 
because if anything goes wrong the whole of that 
feeder is cut out, which means that half of the trans- 


formers in each substation are cut out and that the 
other feeder has to supply the load, with only half the 
transforming capacity. The authors mention on 
page 103 that the schemes shown in Fig. 3 can be 
equipped with satisfactory protective apparatus. I 
should be glad if they would describe the method of 
protection and how it is applied, as it seems to me 
from the diagram that if a fault occurs the whole of 
one section must be shut down in the case of the 
parallel feeders. In regard to the interconnected 
system 1 am not quite clear whether the 4 feeders and 
the ring are run connected or whether each main sup- 
plies a section of the ring. In either case I do not 
follow the method of protection suggested by the 
authors, but it does seeem to me that, whatcver svstem 
is adopted, any fault must entail the shutting-down of 
a very considerable portion of the area. I notice that 
the authors recommend that the transformers should 
be considered as part of the high-tension main, and it 
seems to me that the elimination of a switch at the 
transformer must entail a shut-down over a very much 
bigger area than would obtain if a transformer switch 
were installed. The authors’ scheme seems to me to 
endeavour to save some expense on switchgear at the 
expense of reliability, which does not appear to be 
desirable. I should like to have their views as to 
the area in which they would consider putting in 
an 11000-volt system. If they adopted this voltage, 
assuming there to be no main-voltage transmission, 
would they generate at 11000 volts or step up to 
this pressure? On page 105 they suggest accommo- 
dating switchgear for 11000 volts in street boxes. 
What switchgear is referred to, and what would be 
the size of the street boxes to contain it ? 

Mr. B. Welbourn : My first impression on reading 
the paper was one of great surprise that Mr. Beard, 
who was brought up in the Bernard Price '' ring-main " 
school of supply, should have apparently thrown it 
overboard and gone in for radial feeders instead. I 
remember very well the putting down of the first 
three-phase system in the United Kingdom in Dublin 
by Mr. Robert Hammond about 25 years ago. He 
used 5 000-volt radial feeders to substations, and 
evidently he was right, although he was not followed 
for some years. I would ask the authors to give in 
their reply more information about costs, etc., in 
justification of this decision to abandon the ring-main 
system in favour of the radial system. The paper 
seems one chiefly for supply engineers to discuss, but 
there are two or three points on which an onlooker 
may be allowed to comment. The first is with regard 
to standardization of voltage. That is a desirable 
object and one with which few will disagree. In this 
country most people who want to buy a lamp or, say, 
a pair of curling tongs, have to answer numberless 
questions about voltages, frequency, etc., before they 
can get them. Anyone in the United States simply 
goes and buys the lamp. All he has to say is how 
many candle-power he wants. I think that the authors 
wil have ample support for their proposal that the 
Institution should set up an ad hoc committee to con- 
sider and report on the whole subject. I notice that the 
authors recommend the use, for the most part, of 
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armoured distributors and 11 000-volt mains, and with 
that I entirely agree. There is one point with regard 
to cables in old cities where there is much made-up 
ground in which to lay them. I think that there is a 
cheaper alternative to the method which Mr. Dickinson 
uses, and that effective protection for the cable is 
obtained by using two red-leaded tapes over the 
armour in addition to the other tapes. This overcomes 
the difficulties in the way of making a sound solid 
system in wet weather. The cable referred to has a 
self-contained solid system. The authors mention three 
voltages and say that their main transmission system 
will largely be at 33000 volts. I am not quite sure 
that the present fashion of using 33 000 volts in this 
country has come to stay. For the purpose of this 
paper only I have got out some figures to show what it 
would cost to deal with a load density of 40 000 kVA 
per square mile, assuming that the power is trans- 
mitted for 10 miles at both 33 000 and 22000 volts. 
Ignoring all trench work as being common to both 
systems, and all cost of switchgear and transformers, 
but including the capitalized value of the I?R losses in 
the mains, it seems that the capital cost is about 
123 per cent greater at 22 000 volts than at 33 000 volts. 
Some drawbacks of 3-core cables for either voltage are 
the number required, the space they occupy, and the 
increasing difficulty of finding room for them in con- 
gested areas. This points to the use of a higher trans- 
mission voltage, and I should like to ask the authors if 
they have considered the use of single-core cables at, 
say, 66 000 volts. There can be no question that the 
demand for electricity is increasing and that it will 
be very much greater, and it is difficult to visualize 
what it is that has to be catered for. For instance, 
the latest figures for Montreal and Chicago show that 
the consumptions per head of population are 1 143 and 
1014 kWh per annum respectively, and these are not 
exceptional cases. One could name several cities in 
the United States with figures nearly as high. 

Mr. J. A. Morton : With regard to the growth of 
loads, many city engineers are already recasting their 
distribution systems somewhat on the lines suggested in 
the paper; they have been forced by circumstances to 
consider new methods of feed and distribution. This 
growth is bound to go on, for it is not only a question 
of cost to the consumer but one of convenience, 
cleanliness and efficiency, and these points will receive 
increasing appreciation and emphasis as people get 
more experience of the use of electricity and more 
knowledge of its possibilities. I am very glad to see 
that the authors are in favour of the standardization of 
mains and the work of the British Engineering Standards 
Association, and I wish all engineers would recognize the 
importance of this. There are some, even nowadays, 
who ignore the British Standard Specifications and call 
for non-standard tests and requirements. Reference is 
made to overhead distribution mains. These present 
difficulties in a town where the streets already contain 
trolley-poles and street-lamp standards. People are 
apt to think that the use of overhead mains leads to a 
considerable saving in capital cost, but in city work 
this is not the case. It is necessary to use steel poles, 
and in streets stays cannot be used at corners, terminals 


and angles: at these points heavy self-supporting poles, 
which are costly, have to be used. The capital cost of 
such overhead mains in a city is little less than for 
underground cables. The cost of services is less, but 
if reference is made to Fig. 8 we find what a small 
proportion the services contribute to the total cost. 
Another point about overhead distribution is the. 
voltage-drop. This is greater for overhead lines than 
for cables (for the same size and length of run), 
owing to the reactance of the overhead wires, which 
are comparatively far apart, a point that has to be 
considered with large distributors in view of the neces- 
sity of good regulation. I emphatically say to anyone 
who is laying out city distribution systems: '' put in 
enough copper." Mr. Beard showed in an earlier paper 
that an increase of about 50 per cent in cross-section 
over the ideal economical section only increases the 
annual cost, taking both capital charges and cost of 
losses into account, by about 5 per cent, so that it is 
not worth while to economize in copper. My experience 
has been that economy in copper never pays in the long 
run, and especially is this so with town work. I see 
from the paper that the authors appreciate this point, 
because in Table 3 (Scheme “‘ A ") they have a 0-2 sq. in. 
main distributor where 0-15 sq. in. would in theory be 
sufficient. The authors mention a point in connection 
with the size of the neutral conductor in 4-core distri- 
bution cables. In a 3-wire system the neutral cable is 
usually about half the size of one outer, and it might 
be thought that with a 4-wire three-phase system the 
neutral core could be one-third of the size. But, as 
the authors say, to have the neutral the samesize as the 
outer helps to reduce the voltage-drop on unbalanced 
loads. It also helps to neutralize the reactance-drop. 
Then there may be a third harmonic in the current 
supplied by the transformer, and in this case all the 
currents in the circuits connected between outers and 
neutral will contain corresponding harmonics which add 
up and flow through the neutral, as through a drain. 
Even if the loads are balanced there may be a triple- 
frequency current in circulation, and on this account 
also I think the neutral conductor should be made as 
large as the phase conductors. One point in favour of 
armoured cables for distributor work is the ease with 
which services can be tapped off them in a sound and 
simple way. It is simpler to make a satisfactory 
service joint on an armoured main than on a drawn-in 
or solid cable. Further, I consider that an armoured 
system is cheaper than a drawn-in system, even if no 
account is taken of the cost of extra joints or draw-in 
pits in the latter. When laying low-tension distributors 
along a route where one will need a high-tension feeder 
later to feed the additional substations installed at 
later stages, a spare stoneware pipe could be put in at 
the same time to take the future high-tension cable 
and so avoid the necessity of reopening the street. I 
believe that the authors' conclusions are sound and that 
standardization on these lines would be a good thing. 
Prof. E. W. Marchant : The authors have placed 
the subject of electrical distribution on a very sound 
foundation. I should like to ask them whether they 
have calculated the drop in pressure at the ends of 
their distributors in the systems of distribution shown 
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in Fig. 2. With a uniformly loaded feeder it is possible 
to increase the load per foot on the feeder for a given 
pressure-drop, four times if the length of the feeder is 
halved, i.e. the drop along the feeder is proportional to 
the square of its length. If one considers the distribu- 
tion systems shown in Fig. 2, the load at the end of 
_ Stage III is in all cases four times as great as the load 
at the end of Stage I (see Table 1), and therefore it is 
to be presumed that in cases where the total length of 
the distributor is halved, the pressure-drop would 
remain the same. Table 3 shows that the normal 
section of each wire of the distributor is increased 
from 0-2 sq. in. in the type '' A" area to 0-3 sq. in. 
in the type “ D ” area, and therefore the pressure-drop 
at the far end of the feeder should be about two-thirds 
as much in the type “ D” area as it is in the type 
“A” area, always assuming that the total length of 
the distributor from the substation is halved. It is to 
be presumed that the increase in size of the main 
distributors is due to the necessitv of keeping down 
the heating of the cables, rather than to any limitations 
that are imposed by the pressure-drop. It would be of 
interest if the authors would give some figures as to 
the current densities which will exist in the distributors 
when those of type “ D ” are fully loaded. The cost of 
distribution is sometimes too little appreciated and it 
is of value to have figures, such as the authors have 
given, of the actual cost per unit involved in distribution. 
Although Kelvin's law for determining the most econo- 
mical section of a feeder is of universal application, it 
is difficult to apply it where the load is of so variable 
a character as exists in distribution networks. It is, 
however, well known that in most cases the economic 
current density is a good deal less than the current 
density determined by limitations of heating. I should 
like to know whether the sizes of conductor that have 
been decided on for the standardized distribution 
scheme are the most economical from the point of view 
of minimum total annual costs, when the system is fully 
developed. 

Mr. H. Midgley : In order to realize the importance 
of this subject, it is interesting to consider that about 
half the money invested in a modern city electric 
supply undertaking has been spent on the distribution 
side. For example, in the case of an undertaking 


having a maximum load of about 50 000 kW, in all 
probability the distribution system represents the 
investment of a sum of at least £2 million. Referring 
to page 99, the authors charge units lost in distribution 
at 0-75 of the usual charge for units sold in bulk. In 
view of the fact that the number of units lost varies as 
the square of the current (excepting, of course, trans- 
former iron losses), these lost units have a much lower 
load factor than the main supply, and they should 
therefore be assessed at a higher rate. This, of course, 
would have the effect of increasing the economical 
copper section, although another factor which often 
enters into the decision as to cable loading is financial 
stringency preventing the installation of as much copper 
as is required for the most economical section. Refer- 
ring to page 110, I think that the authors are too 
severe on large batteries. In a modern city electric 
supply they have many advantages. They improve 
the load factor; they may reduce the amount of plant 
actually necessary for peak loads; they reduce the 
amount of stand-by plant required for operation at 
short notice, and at times of failure on the high-tension 
System they are particularly valuable in enabling 
lights to be kept on in the busy parts of the city. I 
therefore suggest that money spent on them is well 
invested. Of course, batteries cannot be used with an 
a.c. distribution svstem, but it is quite possible that in 
the future, pilot lights in busy streets, together with a 
portion of the supplies to such places as hospitals, will 
be retained as direct current with a battery available, 
whilst the remainder of the supply is changed over to 
alternating current. Considering the general question of 
the size of units for transformers, etc., it is necessarv 


‘to take a very broad view, and I think the general 


tendency in the past has been to use units that are too 
small, for it has often been found from experience that 
turbo-alternators, rotary convertors, etc., which, when 
installed, have been expected to be adequate for a 
number of years, have actually proved inadequate after 
quite a short period of time; it would appear that 
estimates of growth of load very rarely err on the generous 
side. 


(The authors’ reply to this discussion will be found 
on page 271. 
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Mr. C. W. Marshall : I thoroughlv concur that it 
is absolutely necessary to take a long view in the 
laving-out of distribution systems. The extent to 
which progress can be affected by tariffs is very clearly 
exemplified in the case of Berlin, where a drastic tariff 
reduction made it necessary to complete a super- 
station, and the municipality erected a 300 000-kW 
station in one year. 1 think that it is necessary for us 
to do at least as well. I should like to ask the authors 
to state definitely the units used in the curves of com- 
parative costs, as I think the value of the paper would 
be greatly increased if these were given. I should 
also like them to give the maximum permissible current 
Joadings which they have allowed for in the various 


standard cables used, when  voltage-drop is not 
important and current density is the decisive factor. 
I am not inclined to agree that the e.h.t. svstem 
recommended is the best for distribution in large 
cities. I should say that a series of fully interconnected 
systems, each of which is safe for 10 to 20 per cent 
of the total load of the city, would meet the case better. 
I was particularly astonished to find the authors 
advocating the use of reverse-power relays, having in 
mind the previous experience of Mr. Beard. The 
complete interconnection of the whole of the network 
of a city could be resorted to only if we had absolute 
confidence in protective gear and high-tension circuit 
breakers, which unfortunately we have not at present. 


AND THE PROBLEM OF STANDARDIZATION.” 


269 


My chief objection to the low-tension network scheme 
put forward lies in the use of fuses in the main dis- 
tributor systems. Small fuses are probably satisfactory, 
but large fuses are certainly not, even from a cost 
standpoint. Energy losses and maintenance charges 
more than counterbalance cheap capital cost. I should 
further recommend the interlinking of the low-tension 
network sections through quick-acting circuit breakers, 
so that during periods of normal running the benefit 
of the best possible voltage regulation would be obtained. 
In the event of a fault occurring, the sections would 
separate instantaneously. The authors’ statement re- 
garding the relative reliability of 33 000- and 11 000-volt 
cables is surely extremely euphemistic. Do they know 
of one really satisfactory 33 000-volt system which is 
working at a reasonable load? The buffer effect 
mentioned is, speaking from our experience, a very 
valuable asset in the operation of systems, and local 
engineers can testify to the greatly reduced short-circuit 
stresses due to the intervention of step-up and step-down 
transformers. 

Mr. R. B. Mitchell: The opening sentence of the 
paper refers to the expected growth or development 
in supply undertakings generally. I think the figure 
is put at 15 per cent. Recent figures for Glasgow 
were 10 per cent for the business area and 30 per cent 
for the residential area, so that 15 per cent overall 
seems to be fairly correct. The system recommended in 
the paper is almost exactly the same in principle as 
that adopted in Glasgow some 25 years ago with regard 
to the lay-out of a 500-volt d.c. system, as distributors 
were laid with so many feeding points to begin with, 
and new feeding points were put down at intermediate 
places when needed. Each feeding point was main- 
tained as a separate entity, and normally had no 
connection with other feeding points. Links were 
available, and linking-up could be done when required. 
Glasgow is now intersected with high-tension cables, 
and fresh blocks of load are taken on by means of 
static substations. It seems to me that there is no 
other possible way of dealing with the rapid develop- 
ment which is now taking place and, as the authors 
state, there would be no room in busy cities for the 
cables which would be required to deal with the rapidly 
growing loads, and a gradual change-over in cities 
where there is a large d.c. system is, in my opinion, 
absolutely necessary. I also agree with the authors 
that all new work should be on the a.c. system, the 
available rotary converting plant being left as fully 
loaded as possible, and to be run as long as it is capable 
of being run. I think it is agreed that direct current 
for lighting is better than even 50-cycle alternating 
current, and certainly very much better than the 25- 
cycle alternating current which we have in Glasgow. 
In the old days the load was purely a lighting one and 
direct current was perhaps all that could be desired 
and all that was necessary, but an ordinary small user, 
such as a small flat of which there are so many in 
Glasgow, or a three-room and kitchen house, with a 
cooker and fires installed, will consume 3 000 units 
per annum. Of that 3 000 units, only some 120 will 
be used for lighting, so that it seems ridiculous to 
make expensive provision for lighting when the lighting 


requirements represent such a small proportion of the 
total consumption. The paper finishes on the question 
of the standardization of frequency and of voltage, 
and we are faced with both these problems in Glasgow. 
Standardization of frequency will be brought about 
as a result of the operation of the Electricity (Supply) 
Act, 1926, but whether we are, at the same time, to stan- 
dardize our voltage at 230 will be a matter for ourselves 
to decide. The argument cannot be used in our case 
that we are obtaining any advantage by standardizing 
voltage, because, our standard supply voltage at present 
being 250, we should lose by the new standard of 230. 
But there are arguments in favour, and the advantage 
will be realized perhaps not by this generation, but 
by future generations when lamps and other apparatus 
will be of the standard voltage and standard frequency 
and wil be very much cheaper than non-standard 
articles. 

Mr. F. H. Whysall: I agree with Mr. Mitchell 
that, in connection with the domestic load, we shall 
have to look for a very much more rapid development 
than the authors seem to visualize. Not only reductions 
of charges for electricity, but the facilities offered to 
consumers, are going to make the use of electricity a 
very rapidly increasing one. The authors, in considering 
distribution networks, only touch lightly upon switch- 
gear and substation equipment. These have a distinct 
bearing on the problem, and I should like to ask the 
authors if they have considered substation equipment 
and switchgear in connection with the h.t. distribution 
pressure. In a recent case which came to my notice 
it seemed that the selection of 3 000 volts for distribution 
was the correct policy, because very much cheaper 
switchgear and substation equipment could be used. 
With regard to anticipating the growth of load, one 
can go too far in that direction. It is the engineer's 
business to be a prophet, but he must not be too far- 
seeing. Companies, and even corporations, expect to see 
the balance sheet showing a balance on the right side 
year by year, and it is very difficult to persuade either 
shareholders or town councillors to look very far ahead, 
and there is a good deal to be said for their point of 
view. If ever there was a time when we should consider 
standardization and look far ahead it is the present. 
With regard to the effect of standardization, in Greenock 
we have tried to keep as near the standard voltage as 
possible, but, like Glasgow, we stand to lose by 
standardization because our a.c. distribution voltage 
is at present 440 and 250 volts to consumers. The 
authors referred to changing-over old systems to 
alternating current and using some of the old 3-wire 
d.c. distribution cables for the purpose. It may interest 
them to know that recently we have taken over quite 
a lot of these cables in order to ease the rapidly-growing 
load on the old d.c. network in town, and have quite 
successfully grouped them, connecting them to 4-core 
paper, lead-covered and armoured a.c. distributors. We 
may have a great deal to learn from American practice, 
but I recently saw a sample of American cable, and 
it was not nearly as good as English cable. Our cables 
appear to be manufactured more cheaply, and will 
last longer and be much more satisfactory in use. I 
think that most people are profiting by the work of 
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the British Engineering Standards Association. We 
are, as far as possible, employing their Standard Speci- 
fications. The Electrical Development Association is 
helping very considerably. In Greenock their recent 
scheme has resulted in co-operation with the local 
wiring contractors, and we are obtaining new consumers 
by means of the simple hire system for wiring tenements. 
The result has been rather staggering. The rate of 
increase in the number of consumers connected monthly 
has risen from about, say, 10 per cent to something 
like 50 to 60 per cent. 

Mr. D. M. Macleod: The standard low-tension 
network recommended by the authors consists of a 
4-wire three-phase cable. This type is the one adopted 
over 20 years ago by the consultants of the Clyde 
Valley Electrical Power Co., and has been in continuous 
use since that time. The question of standardization 
is one in which every mains engineer throughout the 
country is interested very closely. Anything which 
can be done to reduce the costs of distribution is worth 
attention. One is struck by the great diversity of 
pattern of such mains accessories as service joint boxes, 
link boxes and feeder pillars. So long as each engineer 
insists upon his own design for these, the cost of manu- 
facture is bound to be great. Mr. Winning, in his 
recent Address * as Chairman of this Centre, stressed 
the benefits accruing from standardization, and it 
seems to me that the design and construction of mains 
accessories would prove a useful field for research, 
aiming at classification and uniformity if not stan- 
dardization itself. It is somewhat difficult to forecast 
accurately the future development in this country. In 
the early days of the electrical industry it was custo- 
mary to budget only for the distribution of electrical 
energy for lighting purposes. The very name of the 
first Acts shows this to be the case. After a few years, 
however, the importance of developing a good day 
load induced the granting of attractive rates for, and 
consequent development of, industrial power loads. 
Still more recent developments have been instrumental 
in showing the importance of the domestic load, and 
the time may not be far distant when the domestic 
supply may overtop the industrial demand. I endorse 
the authors' opinion that it is better to increase the 
number of feeding points than to increase the section 
of the distributing mains. I am inclined to support 
the view expressed by Mr. Marshall that fuses are 
unsuitable for breaking large currents. It would, I 
think, be preferable to arrange for the grouping of 
circuit breakers at control centres. 

Mr. D. Berry: Despite the authors' admission 
of limitations affecting the design, their scheme is 
evidently outlined in the belief that all the difficulties 
referred to can be overcome. Now all large under- 
takings, as stated at the foot of page 110, have partially 
developed areas already in being, and in these cases 
the authors recommend that some of the chief features 
of their standard scheme should be adopted and that, 
as far as possible, the further development of distribution 
in these areas should conform with their standard 
plan. At the top of col. 2 on page 98 they refer to the 
difüculty of obtaining above-ground sites for sub- 
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stations. In a large city, particularly where buildings 
are congested, this difficulty is very apparent. Sites 
may not be available where required; where space 
is to be had, accessibility for transformer handling 
may be wanting; costs may be excessive for the kVA 
output which can be distributed; and so on. It 
seems to me that if a general scheme is decided upon, 
without the certain assurance that suitable sites can 
be obtained as and when required not only will the 
symmetry of the scheme be upset, but it may be impos- 
sible in some districts to meet the demands which are 
anticipated. The difficulty of finding room for cables 
in streets is getting more and more acute, but I do not 
think that the seriousness of the position which may 
confront us very soon has been fairly faced. It is 
quite conceivable that within a very few years in the 
centre of large towns it will be impossible to lay any 
more cables in the more important streets without 
going down to great depths. If the loads are to increase 
as anticipated, how do the authors propose to over- 
come this difficulty ? These are only two of the many 
factors which may tend to neutralize the effectiveness 
of the authors’ standard scheme. 

Mr. A. P. Robertson: Mr. Berry has mentioned 
the difficulty of accessibility. When we get 50 cycles 
in this area, that difficulty will be lessened, and I 
personally shall be very glad when we arrive at that 
stage. I think that as regards standardization 50 cycles 
will be a great boon, because the plant is very much 
cheaper, and easier to handle, and the undesirable 
flicker on the lighting is avoided. Regarding the 
standardization of low-tension voltage, most apparatus 
is marked as suitable for 230/250 volts, and the difference 
between 230 and 250 volts might not be serious 
except in the matter of lamps, where the voltage 
has to be much more definite. Fig. 3 (a) shows a 
central substation, with switches controlling radial 
feeders. These switches are protected, but the trans- 
formers seem to be connected rigidly to the main line. 
There may be some method of disconnecting them, 
but nothing is shown. Even supposing that there are 
no switches, each transformer would require to be linked 
at the very least, otherwise it would be necessary to 
switch out the whole line to examine one transformer. 
The low-tension sides have switches on to the low- 
tension busbars, and these bars are tied together. 
I should like to have further information as to the 
protection of these switches. In the event of a fault 
on one transformer, it seems to me that it will cut out 
the whole of that particular area, and unless the pro- 
tection on the low-tension side is good it will open 
the switches on the high-tension side also. I agree 
with Mr. Marshall in regard to the protection of the 
low-tension feeders by switches instead of fuses, 
especially close to the transformers. Fuses are not 
normally designed to take short-circuits when close 
to the main supply. Fig. 3 (b) shows a system which 
somewhat resembles that of Glasgow. The feeders 
are both radial and interconnected. "What is the 
authors' opinion of a system in which the feeder runs 
out from a main substation in the form of a ring, with 
perhaps six substations on it, with overload protection 
only at each end? It has the disadvantage that if 
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anything goes wrong the whole ring is cut out, but 
links are fitted at each substation, and when a fault 
occurs in the main cable the faulty part of the feeder 
can be cut out from the ring, and the ring can then 
be fed from each end. l 

Mr. H. M. Stronach : The present policy—or lack 
of policy—of carrying out extensions in a haphazard 
and niggardly fashion to meet demands as they arise, 
without any definite plan or an eye to future develop- 
ment, is to be deprecated. Those responsible for this 
hand-to-mouth method of working will be sure to have 
trouble if they persist in following that policy. It 
would obviously be unfair to apply the authors’ scheme 
to a particular city or supply area and criticize the 
various difficulties which would be encountered, but 
I will endeavour to pick out the points which to me 
would appear to apply generally in an area laid out as 
they suggest. In the area of supply of the Glasgow 
Corporation the load density varies from about 2000 kVA 
to about 20000 kVA per square mile; this embraces 
supply purely for power, lighting and heating, and does 
not include traction load. Types '' C" and “‘ D” areas are 
the only ones which apply to it, and it is to be regretted 
that the authors did not deal with a type “ E” area, 
as it is at this stage that further points require con- 
sideration. The type of distribution shown in Fig. 1 (5) 
is recommended, and for types “ C" and “ D ” areas, 
except in very special cases, I do not see how any other 
method would be of any use. The authors recommend 
0:3 sq. in. 4-core distributors with 0-12 sq. in. 4-core 
sub-distributors, which I agree should be laid direct, 
but with load densities of 16 000 kVA per square mile 
and over I do not think 0-12 sq. in. distributors would 
be of much use in any main thoroughfare. I would 
rather see 0:3 sq. in. distributors maintained throughout. 
What protection do the authors propose to use on the 
low-tension network, firstly in the transforming centres 
on 0:3 sq. in. distributors, and secondly in street pillars 
where 0-12 sq. in. sub-distributors branch off? The 
question of sites for transforming centres for densities 
of 16 000 to 32000 kVA per square mile is a serious 
one. They will certainly not be obtained to fit in 
chessboard fashion as shown in Fig. 2. This question 
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is so serious that I am of the opinion that a limit will 
require to be put on the load density to be catered for 
by low-tension distribution. I do not see how load 
densities much above 16 000 to 20 000 kVA per square 
mile can be carried by low-tension a.c. distributors, 
and all consumers or blocks of consumers with a load 
of 50 kVA and over should be supplied direct at high 
tension, in order to keep the low-tension load within 
practical limits. With a limit put on low-tension 
distribution, the radial feeder system of high-tension 
distribution is unsuitable, as it is desirable to cover 
as many streets as possible with high-tension cables. 
Some of these 50-kVA consumers will require to be 
teed off the high-tension rings in order to keep the 
costs down. In this case would the authors agree to 
overload protection only or still ask for some discrimi- 
nating protection on the high-tension cables ? A consider- 
able number of supply undertakings adopt 6 500 volts 
as a secondary high-tension distribution pressure, and 
as the authors agree it would not be advisable to alter 
this, what in their opinion is the amount of power 
which should be taken at 6 500 volts from a main 
substation ? I mentioned a load density of 20 000 kVA 
per square mile in the middle of Glasgow to-day. It 
is also possible to pick out 3 square mile with an actual 
load of 7 000 KVA, equivalent to 28 000 kVA per square 
mile. These figures built up in even one or two stages 
would shortly seem to require a main substation for 
every 4 square mile. I agree that these main sub- 
stations should be run singly or in pairs, and isolated 
as a separate unit, with emergency links on both high- 
and low-tension sides to permit of connecting through. 
The authors assume an annual load increase of 15 per 
cent, but I find that when planning ahead for a 
percentage load increase, while 15 per cent may be 
a satisfactory figure for the total supply area, resi- 
dential business and industrial areas require different 
percentages. Have the authors, as a result of their 
investigations, anything to say regarding the percentage 
increases they think should apply to these classes of 
load? In some respects the paper confirms my own 
opinions, and in other respects leads to further investi- 
gation of the big question of a city distribution system. 


THE AUTHORS’ REPLY TO THE DISCUSSIONS AT MANCHESTER, LIVERPOOL AND GLASGOW. 


Messrs. J. R. Beard and T. G. N. Haldane (in 
reply) : We are again gratified to find that the criticisms 
of our paper show a very large measure of general agree- 
ment with our main proposals. The support given to 
our proposals as regards standardization, particularly 
standardization of voltage, is specially gratifying, 
coming as it does both from those engaged in supply 
and those engaged in manufacture. Mr. Mitchell, in 
particular, is even prepared to consider the possibility 
of reducing his present voltage of 250 to 230 if there 
seems a reasonable prospect of 230 volts being generally 
adopted in the near future. 

Load densities.—Our assumptions as regards load 
densities appear to be more than borne out by Mr. 
Ratcliff's experience in Manchester, and in this connec- 
tion the domestic load curves in Fig. A are of particular 


interest. Mr. Mitchell confirms our estimate of 15 per 
cent per annum increase of load density, but a number 
of other speakers, including Mr. Burgess, Mr. McKinstry 
and Mr. Whysall, consider that it is on the conservative 
side. Ifthis be so, as we hope may prove to be the case, 
our conclusions are further justified. Mr. Howarth 
warns us that the present rate of growth cannot continue 
indefinitely. We feel, however, that experience both 
in this country and in America is showing the saturation 
point to be so far off that no alarm need be entertained 
on this score. In reply to Mr. Stronach, our experience 
of the variation of load-increase in various types of 
area agrees with that of Mr. Mitchell, but, as con- 
ditions vary so widely in different districts, it is im- 
possible to lay down any definite figures. Mr. Romero 
asks for a description of the areas corresponding to the 
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four types we have assumed. The distinction between 
these four types of area is largely arbitrary, although 
we believe it to form a convenient classification for 
general purposes. The results of our calculations 
can easily be modified, however, to suit the con- 
ditions of particular areas. Different parts of a city 
would correspond to different types of area, and in 
certain cases where particularly rapid growth of load 
is expected in the immediate future it may be desirable 
to lay down a system corresponding to a load density 
higher than that at present existing. We quite appre- 
ciate his point that the type of any area may alter in 
the future in an unfofeseen way, but if this occurs with 
our scheme of development there is no technical diffi- 
culty in dealing with the supply in the area. All that 
happens is that: the cost of distribution departs more 
widely from the theoretical minimum. We fail to see 
how this could be avoided by any alternative scheme. 

Diversity.—W'e are glad to have Mr. Ratclitt’s support 
for our belief that diversity will increase as the domestic 
load increases. Mr. Dickinson asks what diversities we 
have assumed. These are given in Table B. 


TABLE B. 


Sum of loads expressed as percentage of 
load on main substation 


Point at which summation of 


loads is taken Type of area 


———— | —— | — | a 


Main substation oe 100 100 100 100 
Transforming centres 106 108 110 112 
Main distributors .. 130 140 150 160 
Sub-distributors  .. 190 220 250 280 
Consumers' demands 340 420 500 580 
Connected load T 400 500 600 700 


Mr. Dickinson also asks whether the footnote on page 99 
is correct. We have looked into this matter, and have 
no reason to believe that it is not correct. The diversity 
appears to have been 4:3 based on individual peak 
demands and 8-4 to 6-7 based on installed capacity. 
Voltage and type of current.—Mr. Barlow advocates 
a voltage of 3 000 for large consumers. We do not feel, 
however, that where new areas are being developed the 
adoption of a 3 000-volt distribution system could be 
justified for the sake of the 3 000-volt supply required 
in a few special cases. Local conversion from 11 000 
to 3000 volts would undoubtedly be more economical. 
Mr. Whysall is inclined to favour 3 000 volts for general 
use. We have studied this in detail and found that 
the higher cost of the cable system more than balances 
any saving in the apparatus at the substation. Mr. 
Dickinson asks in what areas we should recommend 
11 000-volt distribution and whether we should recom- 
mend generation at 11 000 volts in cases where no main 
transmission is involved. This voltage appears to us 
to be the most suitable for all large city areas unless 
some other voltage such as 6 600 has already been 
adopted asa standard. Extended experience shows that 


generation at 11000 volts is quite satisfactory. We 
are glad to have Mr. Welbourn's support for 11 000-volt 
distribution. Mr. Stronach asks what power should be 
dealt with by a main substation when feeding a 6 500- 
volt system. We are inclined to put the upper limit 
at about 40 000 kVA for reasons connected with the 
design of the transmission system and therefore 
independent of whether the high-voltage system is 
operated at 11 000 or 6 500 volts. 

As regards type of current, there is general agreement 
that alternating current is preferable to direct current. 
Mr. Romero believes from his experiences in Salford 
that it mav be more practical than we have suggested 
to change over a power area from direct to alternating 
current. Mr. Ratcliff, on the other hand, agrees with 
our suggestion that the most practical way of dealing 
with direct-current power areas is by superimposing an 
alternating-current svstem on the direct-current net- 
work. Mr. Mitchell favours a combination of alter- 
nating current for new load with a gradual elimination 
of direct current as the existing plant becomes due for 
replacement. We have also received support from Mr. 
Burgess and Mr. Kidd in our advocacy of alternating 
current. The latter’s figures of the comparative costs of 
alternating- and direct-current substations bear out the 
comparative analvsis shown in Fig. 10. Mr. Midglev 
refers to the use of batteries with direct-current systems. 
We have dealt with most of his points in our reply to 
the London discussion, but would point out that if the 
battery capacity is utilized both to carry peak loads and 
as a stand-by in emergency the position is suspiciously 
similar to having one’s cake and eating it. 

Low-voltage distribution system lay-out. — Several 
speakers have pointed out the discrepancy between the 
svmmetrical conditions of the street lay-out which we 
have assumed and the conditions in actual practice. 
We do not believe that this introduces any serious 
difficulty, and would refer those who have raised this 
point to our reply to the London and Birmingham 
discussions. We are glad to find general agreement as 
to the advisabilitv of making the neutral of the same 
cross-section as the outers, although Mr. Lovell points 
out that this is not so necessary in the vicinity of the 
transforming centres. It is, however, impossible to 
discriminate without sacrificing the advantages of 
standardized cables. Mr. Morton ably summarizes the 
arguments in favour of our proposal, but we do not 
think there is much risk of triple-frequency current 
circulating in the neutral if mesh-star transformers are 
used. Mr. Lovell's proposal as regards a combined 
feeder and distributor svstem is attractive so long as 
only one stage of the development of an area is con- 
sidered, but we have found that any tvpe of feeder 
system leads to difficulties in the expansion of a system 
from stage to stage. 

Prof. Marchant asks if we have calculated the voltage- 
drop at the ends of the distributors. This has been done, 
and the sizes of cable used are such as to give a voltage- 
drop within the limits mentioned in the paper. Prof. 
Marchant is correct in assuming that in cases where the 
spacings of the transforming centres are small the size 
of cable is settled by the carrying capacitv rather than 
by the voltage-drop. Prof. Marchant and Mr. Marshal 
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ask what current loadings we have allowed on those 
cables for which the size is not settled by the voltage- 
drop. The loadings are based on the Report of the 
Electrical Research Association on the Heating of 
Buried Cables, allowing for a 10 per cent overload 
capacity and also a margin of about 10 per cent to allow 
for any inequalities of loading. As we are dealing with 
distributors and not with feeders this leads to current 
densities somewhat less than would be most economical 
on the basis of Kelvin’s law, but the actual annual costs 
are, as Mr. Morton points out, only slightly greater than 
the minimum annual costs. 

Mr. Midgley criticizes the charges for losses which we 
have allowed, on the grounds that the load factor of 
losses is much lower than the load factor of the main 
supply. This, however, has been allowed for, and the 
actual load factor which we have assumed for the losses 
is 17 per cent. 

Mr. Romero suggests that for the sake of standardiza- 
tion only two sizes of cable should be used for all four 
types of area, i.e. 0-25 sq. in. for the main distributors 
and a smaller size for the sub-distributors. We are 
afraid that this is carrying standardization a little too 
far. We have allowed for three sizes of main distributor 
and two of sub-distributor, but only one of each is used 
in any one type of area. Mr. Strondch suggests using 
only one size for areas of.types ‘‘C’’ and "D." We 
agree that this is desirable for cables laid in main 
streets, but we do not consider that the use of equally 
heavy cables could be justified in side streets simply 
for the sake of standardization. 

Mr. Howarth asks if it is proposed to lay 4-core cables 
along all streets. We recommend that this should be 
done, and feel sure that such a decision is justified on 
the grounds of standardization and because of the 
difficulty in predicting where power supplies will be 
required in the future. 

We are glad to have the support of Mr. Morton, 
Mr. Welbourn, Mr. Burgess and Mr. Stronach for the 
use of cables laid direct. We agree with Mr. Morton that 
it may be desirable to lay a spare duct when laying an 
armoured cable along a route where a further cable is 
likely to be required. We share Mr. Burgess’s desire to 
see an appropriate allocation of space for the various 
types of mains during the construction of new streets 
and roads. 

Mr. McKinstry wishes to see more flexibility in the 
Electricity Commissioners’ Regulations as regards dis- 
tribution. We believe that this matter is receiving 
sympathetic attention from the Commissioners at the 
present time. We agree with Mr. McKinstry that 
overhead distribution is the quickest way of developing 
outlying areas, but the paper is not intended to deal 
with such areas. Overhead distribution is not possible 
for city work in this country and, if it were, Mr. Morton 
points out reasons why the saving would be much less 
than might be expected. 

Mr. Stronach and Mr. Berry rightly point out the 
importance of keeping in mind the possibilitv of greater 
load densities in the centres of our large towns than is 
represented by the type “ D” area. We have con- 
sidered such cases and find that these high densities 
would not introduce insuperable difficulties if dealt with 


in a similar manner to that recommended in the paper, 
which has the advantage of reducing the number of 
cables to a minimum. In the centre of Chicago a 
density of well over 100000 kW per square mile is 
dealt with almost entirely by 230/115-volt three-wire 
distribution from rotary substations. This represents a 
more difficult problem, both as regards sites for sub- 
stations and space for cables, than any we are likely 
to have to face in this country, particularly as our 
buildings are much lower. 

Mr. Marshall advocates the use of circuit breakers, 
in place of fuses, on the main distributors and is supported 
by Mr. McLeod and Mr. Robertson. We think there 
is much to be said for this view. Mr. Grant’s recent 
paper * showed that fuses for heavy duty are liable 
to give trouble unless selected after careful tests. The 
chief advantages of fuses are their low first cost and the 
absence of moving mechanism, and also the desir- 
able shape of their current/time characteristic which 
approximates to the thermal characteristics of the 
circuit as a whole. Mr. Marshall might find useful Mr. 
Grant's method of giving a circuit breaker the same 
current/time characteristic as a fuse. This replies to 
Mr. Stronach's query as to the method of protection at 
transforming centres. For use in street pillars on sub- 
distributors we think the fuse is preferable, but we do 
not consider that the number of faults on a modern 
multi-cote low-voltage system is sufficient to justify 
putting fuses in all sub-distributors. We see no objection 
to Mr. Marshall's proposal for linking the low-voltage 
network sections through quick-acting circuit breakers 
in order to improve voltage regulation. 

Transforming centres.—A. good deal of criticism has 
been directed towards the difüculty of obtaining sites 
for transforming centres, and in this connection we 
would refer to Mr. Page's remarks in the London dis- 
cussion on the compulsory acquisition of such sites. 
The difficulty of obtaining transforming-centre sites 
can be obviated to a considerable extent by the more 
extended use of underground transforming centres. 
The higher cost of installation is balanced by the saving 
in cost of land, speedy acquisition of site and closer 
proximity to the desired position. Mr. Romero, Mr. 
Dickinson and Mr. Whysall ask if the details of the 
design of such underground transforming centres have 
been worked out. We have examined this problem with 
some care, and have inspected certain underground 
transforming centres in the London city area which are 
as large as those we recommend in our paper. As a 
result of these investigations we are satisfied that there 
are no serious difficulties in the problem nor in the 
use of 11000 volts for supplying underground trans- 
forming centres, particularly if switchgear can be 
eliminated. 

Mr. Kidd recommends more standardization of trans- 
former sizes, but here again we doubt whether any 
greater degree of standardization than we recommend 
would be economical. Mr. Kidd also asks how we have 
calculated the transformer losses. We have calculated 
the iron losses and the copper loss separately, the 
former at 100 per cent load factor and the latter at 
17 per cent. 

* “ High-Power Fusible Cut-Outs,! Journal I.E.E., 1926 vol. 64, p. 920 
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Lay-out of high-voltage distribution system.—Consider- 
able criticism has been directed against the radial type 
of high-voltage distribution system which we have 
adopted and the elimination of high-voltage switchgear at 
the transforming centres. We would refer our critics to 
our reply to the London and Birmingham discussions. 

Mr. Welbourn expresses surprise that one of us has 
given up his preference for the interconnected system, 
as expressed in a previous paper. That paper dealt 
with conditions differing materially from those con- 
sidered in the present paper and for the same conditions 
his views have not appreciably changed. 

Mr. Howarth, Mr. Burgess and Mr. Marshall raise the 
question of reverse-power relays. We agree that, in the 
past, difficulties have often arisen in connection with this 
form of protection, but we are satisfied that there will 
be no serious difficulty in using them under the conditions 
we recommend, particularly as they will operate on 
the low-voltage side of the transformers. We agree 
with Mr. Burgess’s remarks on the indiscriminate use 
of earth leakage protection, but we do not think he 
would suggest serious difficulty with its use on radial 
feeder-transformer units such as we propose. Mr. 
Howarth’s system of leakage protection for trans- 
formers might be very useful at transforming centres. 

Mr. Dickinson and Mr. Robertson ask what form of 
protection would be adopted on the radial system. 
This is dealt with on page 103 under the heading of 
“ Radial System.” They are correct in assuming that 
any fault on the high-voltage system will cut out one 
feeder and the transformers connected to it. The 
system is so designed, however, as to allow a full 
supply to be maintained with only one high-voltage 
feeder and half the total number of transformers in 
commission. 

Mr. Brown refers to the Home Office Regulations, 
and the necessity of providing some method of dis- 
connecting transformers from the high-voltage supply. 
We would refer Mr. Brown to our reply to the London 
and Birmingham discussions. 

Mr. Romero and Mr. Burgess suggest that duplicate 


transformers are unnecessary, thus advocating what is 
very usual practice in America. We agree that this 
saving might be permissible in the less-important areas. 
In important areas, where the possibility of a prolonged 
interruption cannot be considered, it would necessitate 
operating the low-voltage networks linked together so 
that a stand-by to each transformer could be given from 
neighbouring centres. We find that the extra cost of 
copper in the interconnecting mains more than balances 
the saving in the high-voltage svstem. 

We agree with Mr. Stronach that there will probably 
be a greater use in the future for small non-duplicate 
high-voltage supplies to large buildings, but these could 
be equally well dealt with by the radial or interconnected 
type of high-voltage system. As regards protection on 
the interconnected type of system, overload protection 
is quite sufficient at the tee point but the pilot cable must 
be looped in so as to avoid the possibility of a heavy 
load on the tee unbalancing the protective gear suffici- 
ently to trip out the feeder at both ends. 

Mr. Robertson's proposed arrangement of ring main 
should be satisfactory if it is operated with the ring 
open-circuited, but it is only suitable where an alternative 
source of supply is sufficient and an automatic duplicate 
is not required. 

The question of voltage regulation which Mr. Ratcliff 
raises has already been dealt with in our reply to the 
London and Birmingham discussions. 

Diagrams.—]In reply to Mr. Kidd and Mr. Marshall, 
the interpretation of the scales of ligs. 8, 9 and 10 in 
terms of actual cost was given in our reply to the London 
discussion. We would also refer Mr. Howarth to the 
explanation which we there gave of the apparent high 
costs. At the same time we do not think that the 
figure he takes, i.e. 0- 55d. per unit, is high for the total 
distribution costs in an area having a density of only 
2000 kVA, and where excavation and reinstatement 
costs are as high as we have assumed. He must not 
forget that undertakings which supply domestic load at 
at a low cost per unit also make an appreciable fixed 
charge. 
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ON 


"THE MAGNETIC FIELD OF THE DYNAMO-ELECTRIC MACHINE.” * 


Mr. J. D. Cockcroft (communicated) : The author 
has shown in Section (3) that in most cases a system 
of slots opposite to an equipotential surface can be 
treated by considering the single slot of Fig. 2 and 
neglecting the effect of neighbouring slots. The cases 
corresponding to both Figs. 2 and 4 were treated by 
considering the slots as infinitely deep. I have had 
occasion recently to calculate the effect of a finite 
depth of slot on the quantity o for an isolated slot, 
with a view to determining for what depths the approxi- 
mation is legitimate. The problem was originally 
attacked by using the transformations 


7 leme yea 


a 
4(5 — y) 


The centre line of the slot (see Fig. A), being a flux 
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line, is taken as a line of symmetry and values of a, p, 
y, 9 may be chosen fairly easily to give desired slot 
dimensions. The integral for z was evaluated numeri- 
cally. Although the above method can be applied 
without any knowledge of elliptic function theory, Dr. 
Carter's method is so much more elegant that it is 
worth while giving the transformations most suitable 
for this method. t are, "n the notation of Fig. 6, 


S — 35) ] — K?sn?g . [? 
l 
raat 
: ] ksna 
x = +$ = -g| —— —— 
T 1 iT 
ksna 
giving the flux function 
] 
—2 
1 S | 
ý =} log ksna 
2a 1 | 
—Ó + x£ 
ksna 
along the real axis in the Z plane 
=x + jy 
and the potential function 
dub l l 
k ksna 
ọ = arc tan e + arc tan 


] 
vis 
* Paper by Dr. F. W. Carter (see vol. 64, page 1115). 


It is clear that the above functions represent the field 
for Fig. 6 when CC’ is at unit potential and coo, c — oo 
are at zero potential. By taking values of % and { as 
Ç approaches l/(ksna), c may be evaluated in terms of 
elliptic functions. If, as in Appendix 3, we take 
a = 4K and vary k we obtain a series of Slots for which 
js = g approximately, d varying from 0 to 0-758, as k 
goes from arc sin 90? to arc sin 10°. We then have 


mM 
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1 
reducing to 4 -- — log 2, which is the author's figure 
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for small values of k or large slot depths. The numerical 
results for this series of slots are given in Table A, the 
gap coefficient being calculated from o for the case 
t= 8. 


TABLE A. 
dfs a Glg * 
0 0 1-0 
0-10 0-083 1-042 
0-20 0-192 1:105 
0-30 0-237 1-135 
0-40 0-257 1-146 
0-50 0-268 1-152 
0-75 0:277 1-159 
o0 0-279 1:162 | 

* fm 8 — 2g. 


The results show that for slot depths met with in 
practice the author's approximation is usually sufh- 
ciently accurate. The same method was applied to the 
treatment of band recesses corresponding to the author's. 
Section (9) in cases where the width of the recess is 
not large compared with the depth. The results again 
show that the approximation used in Section (9) is 
good enough for most practical cases. There appears to. 
be a misprint in equation (154), the trigonometrical 


argument being (= 5 zx) 


Prof. W. Cramp (communicated) : The paper is a. 
welcome addition to the literature of the subject, and 
contains a number of results which will be of use as 
close approximations to conditions actually occurring 
in practice. His solutions interest me particularly 
because most of them are derived from the transforma- 
tion of Schwarz and Christoffel, which I have used now 
for many years and to which I have introduced many 


etc. 


276 DISCUSSION ON “ MAGNETIC FIELD OF THE DYNAMO-ELECTRIC MACHINE.” 


[d 


students. The same method has been used widely in 
the solution of problems in hydrodynamics (to which 
many electrical and magnetic problems are analogous) 
and has been developed particularly in connection with 
the aeroplane. Thus Sir George Greenhill, in his 
** Report on the Theory of a Stream Line past a Plane 
Barrier," has worked out literally hundreds of these 
applications, some of which are closely allied, if not 
really similar, to cases now dealt with by Dr. Carter. 
The resemblance, for instance, between Dr. Carter's 
Figs. 19 and 20 and the problems of a cambered aero- 
plane wing will at once be apparent. In like manner, 
besides the cases considered by Maxwell and the present 
Master of Trinity, Greenhill has given solutions for a 
strip at right angles to a plane, condensers made of 
zigzag and corrugated plates (which might well be 
applied to problems of the rotor and stator of an in- 
duction motor), and many others. Although by no 
means a solitary instance, I quote Greenhill especially, 
because his work is so complete and far-reaching. His 
methods differ from those of Dr. Carter in that he 
develops a general expression for each type from 
which many particular examples are deduced. But 
applications of conjugate functions by engineers really 
go back many years, as, for instance, to Rankine and 
his '' ship-shape " curves, from which the proper form 
for the hull of a boat was deduced.* Thus, with reference 
to Dr. Carter's statement that it was ''reserved for 
the author to initiate their application to practical 
problems of machine design," we may observe in justice 
to these pioneers, that there have been many workers 
in the field from 1856 onwards, and that possibly the 
word ‘‘ machine” should read ''dynamo." This is, 
however, a side issue. The main point is that Dr. 
Carter, since 1900, has given to electrical engineers a 
number of useful] solutions akin to practical problems ; 
and that in the present paper he has added several 
more. He begins with a note of warning concerning 
the risk of combining partial solutions. It is very easy 
to forget this danger. I know that I have occasionally 
paid insufficient attention to it, and the advice will not 
be lost upon me. I gave, however, some examples of 
the kind of discrepancy that arises, on pp. 1065 and 
1069 of the Journal (1923, vol. 61). Strictly, each 
magnetic circuit should be treated as a whole, and even 
then there are inherent in the method other limitations 
which also should be kept in mind. For example, it is 
only two-dimensional, and therefore does not really 
apply to anything more than a thin slice of the field. 
Again, it assumes two surfaces each at constant poten- 
tial, which is hardly true of any practical magnetic 
instance. This, no doubt, accounts for the fact that 
the physicists generally confine their applications to 
condensers, where the last objection applies with much 
less force. It is therefore clear that with so many 
approximations involved, meticulous accuracy in the 
calculations is misleading. Section (5) of the paper is 
a distinct advance upon the usual methods of computing 
tooth reluctance, but each designer must deduce curves 
like Fig. 14 appropriate to the sheet steel he uses. In 
Section (6) the author once again essays, and with much 


* For this work see Rankine's ** Miscellaneous Papers”: also a pa 
Dr. Hoppe, Quarterly Journal of Mathematics March 1596. i paper by 


ingenuity, the pole-shoe problem. The method pursued 
is that of finding from an elementary boundary (Fig. 15) 
an equipotential line bearing a resemblance to the shape 
of a shoe, and then using it as a new boundary. This 
idea is referred to by Maxwell in his celebrated Chap- 
ter XII, and was used by Miss Calderwood and myself 
in our attempt to solve the same problem.* Again, by 
using my electrolytic analogy apparatus, Ahmed 
measured the leakage field for various pole-shoes and 
compared his tests with the values obtained by the 
conjugate function method.[ The chief difference 
between the present solution and ours is that Dr. Carter 
takes into consideration the effect of a neighbouring 
pole, while we had in view the case of some eddy- 
current brakes and meters, and did not introduce the 
vertical line in Fig. 15. I also believed that for normal 
machine proportions the effect of the neighbouring pole 
would be small compared with other sources of error. 
It is interesting therefore to compare the results obtained 
by our solution with those given by the calculation of 
Dr. Carter. As an example, I have calculated in 
Table B the flux per pole for a constant pole-face and 
constant air-gap but with varying ratios of pole- 
arc/pole-pitch. This plan is more in favour of Dr. 
Carter than ourselves, but it will serve. These results 


TABLE B. 

Pole-arc : Ye 
Boeck Carter EA eene 
0-5 3 232 x 10? 0-43 
0-55 3 217 0-89 
0-625 3 195 3 246 x 108 1-58 
0-72 3 170 2-33 
0-77 3 150 2-96 


show, as would be expected, that the difference between 
the two methods gets greater as the interpolar space 
gets relatively less. But Ahmed's work proves that 
the errors involved in the calculation may be comparable 
with the differences shown above. I conclude that the 
agreement between our results and Dr. Carter's is 
satisfactory, and that it is only when the ratio pole- 
arc/pole-pitch is unusually large that his more elaborate, 
though refined, calculations are of importance. Again, 
while referring to the radius of the pole-tip, Dr. Carter 
says little about the angle at the back of the tip. The 
former, as he shows, has but a small influence. The 
latter may be more important, though I gather that he 
does not think so. On the other hand, he does deal 
with the angle of chamfer under the tip, whilst we did 
not. Fig. 21 of the paper is useful as showing how 
little effect the chamfering has upon the total flux, 
but it does not indicate the effect upon the flux distri- 
bution. This is of importance to those designers who 
attempt to get a sine wave from an alternator by shaping 
the air-gap. The distribution can be deduced, however, 
from equation (90), which may be useful for that 
purpose. The work upon the inductance of conductors 


* Journal I.E.E., 1923, vol. 61, p. 1067, case V. 
t World Power, 1925, vol. 3, pp. 157 and 218, 
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in slots in the latter part of the paper is full of interest, 
and should lead to a better determination in induction 
motors of that most slippery quantity, the '' dispersion 
coefhcient." It is also instructive to compare the 
methods adopted in this paper with those used by 
Mr. B. Hague,* which are very different, and I think 
more general, though more complex. As one concerned 
with the teaching of electrical engineering, I should like 
to thank Dr. Carter for the change of attitude evinced 
in this paper. In his “ Note on Air-Gap and Interpolar 
Induction," published in 1900, he makes use of two 
boundaries given in full by Sir J. J. Thomson. This 
author shows so clearly how his transformations are 
arrived at that almost any university-trained engineer 
can follow them. In the paper, Dr. Carter says that he 
contented himself with giving only so much of the 
mathematics as would enable those interested in such 
subjects to verify his results. That is, he gave almost 
nothing at all. He simply stated that such and such 
an equation would produce the desired result. This 
was hardly fair to his readers. It would have been 
helpful at least to have quoted the reference to “ Recent 
Researches ” or, alternatively, to have given (as in the 
present paper) the fundamental equations for dz[dL, 
etc., marking on his diagrams (as Thomson does) the 
values selected for the angles of the polygon. But he 
omitted all this, ànd was thus, I think, indirectly 
responsible for delaying the study and understanding 
of this powerful and simple method. Similarly in '' Air 
Gap Induction " (published 30th November, 1901) the 
polygon adopted is similar to Thomson's Fig. 99. In 
the present paper this diagram occurs again (Fig. 2) 
and now Dr. Carter has given to readers, by equation (11) 
and by the values on the figure, an indication as to the 
derivation of his equations, which they can compare 
with Thomson's “ article 243." Another instance of a 
reference: which will be useful to members, occurs in 
connection with Fig. 15 of the paper. For the same 
boundaries, with the equations developed in more 
detail, are used by Ahmed in World Power of April, 
1925. It will be seen, therefore, that while Carter's 
two older papers dealt with simpler cases than the 
present publication, they seemed more difficult. When 
I first read them I thought that the transformations 
must have been arrived at (like those of Maxwell) 
indirectly, for I was not then aware of Thomson's 
work. It seems to me likely that other members may 
have been similarly puzzled. There is, however, one 
detail upon which, again as a teacher, I would comment. 
Since so much of the fundamental work is admittedly 
to be found in ' Recent Researches," why did Dr. 
Carter not adhere to Thomson's notation ? What is 
the object of calling Thomson's ¢ plane the plane of £? 
I am aware that this symbol is used in some works on 
hydrodynamics, and that Greenhill does not improve 
matters by using the letter u first to represent a com- 
ponent of fluid velocity and then, on the very same 
page, to represent Thomson's ¢ plane. He also proceeds 
around the polygon clockwise instead of counter- 
clockwise, thus introducing another tiresome change. 
Such vagaries are regrettable, bv whomsoever com- 

* World Power, 1925, vol. 4, pp. 188, 264 and 320; and 1926, vol. 5, pp. 124 


and 205. 
t ~“ Recent Researches " (1893), pp. 222, 225, 226. 


mitted. If all our writers would aim at being per- 
spicuous rather than profound, how many difficulties 
would be removed from the path of the student, and 
how much more rapid might his progress be! It is 
always useful to check pure mathematical deductions, 
however certain they may seem, by actual experiment. 
I hope, therefore, that the following example will be of 
interest to Dr. Carter and others. In his paper he calls 
attention to the fact that the mathematical problem 
involved in Fig. 25 is intrinsically the same as the 
conducting strip of Dr. C. H. Lees * and the stepped 
recess dealt with in my Institution papers.t Now in 
connection with my recent paper before the British 
Association, I wished to find the current and potential 
lines in a stepped strip, as given by the transformation 
referred to, and to check them experimentally. I 
noticed, from his paper, that Dr. Lees had evidently 
carried out tests, but on writing to him for the figures 
I found that these had been destroyed long ago. I 
therefore had a manganin strip prepared, 0-6 mm thick. 
This was cut to the shape of Fig. B, the wider part 
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being 30 mm and the narrower 15 mm. A number of 
contacts were fixed as accurately as possible along the 
centre line at intervals of lcm. Then from equation (21) 
in the second paper cited 


x + iy . 
_H 2t — (a+ 1) | 
= E cosh "ag vy arc cosh EYE 


where 4/a = h/H = ratio of the narrower to the wider 
portion — 4. The origin is taken at the corner where 
t =a. Also, from equation (22), we get :— 
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where V is the electric potential, J the current through 
the strip, p its specific resistance, and + its thickness. 
From these equations x and V were calculated for a 
series of points along the centre of the strip, the current 
being 8 amperes. Next, for this same current, the 
values of the potential difference were measured and 
plotted against values of x. A comparison gave the 
following values, shown in Table C. The agreement is, 
I think, good, considering how difficult it is to arrange 
contacts exactly 1 cm apart along such a strip and to 
be at all sure of negligible contact resistance. This 
difficulty is, indeed, the limiting factor in such a test. 
The only discrepancy of importance occurs in the 
seventh line; and this is not, I believe, an error, but 
due to an inherent difference between theory and test 
incidental to the experimental conditions. I should 
like to acknowledge here my indebtedness to Mr. E. J. 
Kipps, M.Sc., for assisting me in taking the tests. The 
system of conformal representation and calculation, as 
exemplified in the papers discussed herein, will, I am 
sure, become of greater and greater importance to the 


* Philosophical Magazine, 1908, vol. 16, p. 734. 
t Journal 1.E.E., 1919, vol. 57, p. 288; and 1923, vol. 61, p. 1068; 
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electrical engineer. Nor is there any reason why it 
should not be used more freely. Thanks to the theorem 
of Schwarz and Christoffel, and to Thomson’s examples, 
it is not difficult to apply. We may hope that other 
pioneers like these will yet extend the boundaries of 
our knowledge, and perhaps even give us a theorem 
applicable to problems in three dimensions. . If I 
might venture to suggest to electrical engineers a line of 
approach to this subject I would propose the following :— 

First, a short introduction to the principles of the 
method, such as is given in Ramsey's “ Hydro- 
Mechanics," part II, pp. 122-124. This might be 
followed by J. J. Thomson's “ Recent Researches,” 
chap. III, as far as the end of article 239. Concurrently 
with these, the graphical methods suggested by Richard- 
son * and Lehmann f will be found of great interest, as 
also Ahmed's paper.] After this, almost any of the 


TABLE C. 
Millivolts Millivolts Difference, 
z calculated test per cent 
3:36 0 0 0 
2-81 1-9 1:9 0 
2-285 3-75 3-8 0-13 
1:72 5:7 5-7 0 
0-61 9-5 9-5 0 
0-03 11:4 11:4 0 
— 0-47 12-73 12-3 3-15 
— 0:722 13:3 13-2 0:75 
— 1-775 15-2 15.1 0-66 
— 2-5 16-53 16-2 0-2 
— 4-16 19:05 18:9 0-026 


examples which I have cited will be clear, and there 
are further cases in Pidduck's ‘‘ Treatise on Electricity," 
and in various papers by Michell,§ Moulton,|| Burnside € 
and others. From Greenhill’s masterly report the 
student will be able to select a very fine series of examples. 
These he can work out in the notation to which he will 
have become accustomed, and he can then compare his 
results with the “ answers ” in Greenhill. 

Dr. F. W. Carter (in reply): Mr. Cockcroft's con- 
tribution is interesting and, although I know of no 
case in which the winding slots would warrant the use 
of this transformation, I have no doubt that it will 
prove useful in other directions. I frequently find that 
a piece of analysis, devised to solve a particular problem, 
afterwards serves for a totally different problem of 
which I had originally no conception, and I thank 
Mr. Cockcroft for his contribution. I also thank him 
for pointing out the mistake in equation (154), which 
is an error of transcription rather than a misprint.** 

Prof. Cramp has much to say in appreciation of my 

* Philosophical Magazine, 1908, vol. 15, P 237. 
Elektrotechnische Zeitschrift, 1909, vol. 30, p. 995. 
ournal I.E.E., 1924, vol. 62, p. 301. 

& Philosophical Transactions of the Royal Society, 1890, p. 431. 

i Pr ings of the London Mathematical Society, 1905, p. 104. 

« Messenger of Mathematics, vol. 20, p. 144. 

9* Other mistakes that I have noticed are as follows: 

Page 1117, col. 2, footnote, for '' plane of z" read ‘ plane of r.” 


Page 1128, section (10), line 11, for "“ page 1117," read '' page 1115." 
Page 1135, heading of Appendix 1, for ‘‘ Section 3, page 1116," read *' Section 1, 


e1116." 
Pese 1186, col. 2, line 9, for “equation (39)," read ''equation (15)." 


paper, but his remarks give me the impression that, 
in his opinion, most of the merit to be found in it should 
be credited to others. Much of his criticism refers to 
papers of mine published a quarter of a century ago, 
and, even if justified, is hardly pertinent. It is a 
commonplace that electrostatics, magnetism, and hydro- 
dynamics involve similar mathematical analysis. Many 
of the problems and solutions of my paper could in 
fact be interpreted and expressed in the language of 
another subject. This is, however, not universallv 
true, for the nature of the subject often limits the 
application. For example, the problem of two parallel 
infinite strips side by side in a plane and charged to equal 
and opposite potentials, which is mentioned on page 1117 
(with footnote) of my paper, is correctly treated bv 
Sir J. J. Thomson as a problem in electrostatics. The 
condition can be realized absolutely in imagination, and 
substantially in practice. To treat the problem as 
having reference to magnetism, however, as is done bv 
Prof. Cramp and Miss N. Calderwood,* is to render it 
meaningless, for it is impossible to realize a magnetic 
system consisting of a pair of isolated strips at different 
magnetic potentials. I have not seen Sir George 
Greenhill’s ‘‘ Report on the Theory of a Stream Line 
past a Plane Barrier," yet I venture to say that the 
problems he discusses are in no instance '' closely allied, 
if not really similar" to those dealt with by me; 
for this is another case in which the nature of the subject 
limits the application. Hydrodynamics, as a study 
analogous to electrostatics or magnetism, yields few 
problems which correspond approximately with actual 
fluid motion, and the theory of a stream line past a 
plane barrier is not of the few. I have too high an 
opinion of Sir George Greenhill’s practical sagacity to 
think that he has treated the subject under such a 
misapprehension.f I would pgint out to Prof. Cramp 
that the hypothetical incompressible fluid analogous to 
electric or magnetic flux stands pressure or fension to 
any extent, whilst actual fluids in motion stand pressure 
only. This introduces a complication which necessitates 
a radical change in mathematical treatment, and which 
has no analogue in the magnetic problem. If Prof. 
Cramp has read Greenhill’s Report, I can only infer 
that he has not comprehended it. If he sees a re- 
semblance between my Figs. 19 and 20 and a cambered 
aeroplane—a resemblance which to me appears fanci- 
ful—I can assure him that it does not extend beyond 
the pictures. Prof. Cramp objects to my claim to 
have initiated the application of conjugate functions 
to practical problems of machine design, and suggests 
that the word ' machine” should read ''dynamo." 
The title and substance of the paper show that the 
dynamo-electric machine was contemplated ; but since 
he considers that I make a more general claim, it is 
expedient to examine the matter from this point of 
view. He brings against it Rankine's work on the 
shaping of the hulls of ships; but no engineer would 


* “The Calculation of Air Space Flux," Journal I.E.E., 1923, vol. 6l. 
P. 1063. It may be here mentioned that Fig. 5 on this page, to which reference 
is made in the footnote mentioned above (page 1117 of my paper) and which 
gives the lines of flux and equipotentiallines for the case, is obviously incorrect; 
the flux lines sbould enter the plates at right angles everywhere. ; 

+ The same objection applies to the problem dealt with in the first sectioo 
of the above paper, loc. cit., p. 1062. . me 

t See Lamb's " Hydrodynamics,” dth ed., $ 79, and especially the thir 
footnote. 
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describe this as machine design. He casually mentions 
“ many workers in the field from 1856 onwards," and I 
admit that a number of physicists have used conjugate 
functions. But I am sure that Prof. Cramp would have 
quoted instances of application to machine design if 
such could have been found. I cannot consider criti- 
cism justified which is so inadequately supported. I am 
therefore emboldened to let the word '' machine " stand, 
taking it in its general sense as understood by engineers.* 
I am glad to see that he has noted my warning con- 
cerning the need of a certain precaution in combining 
partial solutions, and, as he admits that he has occasion- 
ally paid insufficient attention to the matter, I may say 
that my remark was prompted by the perusal of the 
paper by himself and Miss Calderwood to which he refers. 
With regard to the problems of pole-tip fringing discussed 
in Section (6), it may be pointed out that a high degree 
of accuracy in computing the amount of the fringe is 
unnecessary in practice; for the fringe is but a small 
fraction of the whole flux. The chief value of this 
Section is, as indicated by Prof. Cramp, that it furnishes 
the means for computing the distribution of the flux, a 
matter of importance in its influence on harmonics, 
magnetic noises and the like. In this connection it is 
necessary to allow for the presence of the neighbouring 
pole. Table B given by Prof. Cramp is valueless and 
misleading. He does not know the angle of the pole- 
tip in my case, nor the extent of its rear surface. How 
then can he give comparable results as between his calcu- 
lation and mine? Why, moreover, should he profess 
to have favoured my case, and how has he managed to 
doit? The rear surface in my case is infinite in extent ; 
if he will apply his formula to this, he will find his 
fringe flux infinite in amount, and the figure in his third 
column should be infinity instead of 3 246 x 108. Except 
for a small amount near the very tip of the pole, how- 
ever, the flux from the rear surface is leakage flux and 
not fringe flux at all, that is, it does not reach the arma- 
ture. Moreover, the existence of this infinite leakage 
flux does not sensibly affect the amount of the fringe 
flux, in the particular problem of engineering under dis- 
cussion. The physical justification of the proposed 
solution lies in the fact that we deal with a local flux 
which is not appreciably affected by circumstances in 
which the mathematical and engineering problems 
differ. I think that a perspicacious critic would have 
said that whatever of permanent value is to be found 
in my work lies entirely in its attention to the correla- 
tion of the two problems—the mathematical problem 
and the engineering problem. This is usually beyond 
the competence of both mathematician and engineer, 
the one from lack of familiarity with the engineering 
problem, the other from lack of proper appreciation of 
the physical interpretation of the mathematical method. 
Prof. Cramp’s whole attitude towards the paper is, in my 
opinion, wrong. It is not a treatise on the transforma- 
tion of Schwarz and Christoffel, which was discovered 
and published beforegI was born, and is quite simple. 
I cannot accept Prof. Cramp and Miss Calderwood’s 
discussion f of the present problem as good mathe- 
matics. The mathematical problem does not correspond 


* J. F. H. Douglas’ sattribution, quoted below, may be of interest to Prof. 
Cramp in this connection. 
f Loc. cit. ante, Section V, p. 1067. 


with the engineering problem and therefore has no 
reality. In his case, as in mine, there is an infinite 
flux outside the gap in the mathematical problem, but 
no rational method is indicated or possible for separating 
fringe and leakage fluxes; instead, the fringe flux is 
assumed to extend to a purely arbitrary point which has 
no magnetic significance, either in this problem or in 
that of the meter disc. Designers would be better 
advised to guess a figure than to accept the result of a 
troublesome calculation founded on a guess. In the 
former case they know what reliance can be placed on the 
result, whilst in the latter they may be entirely misled. 
Prof. Cramp thanks me for a change of attitude evinced 
in the paper, as compared with those of 1900 and 1901 ; 
but there has been no change of attitude. His grievance 
appears to be that, in the older papers, I was intent 
on giving the result and did not show how I obtained 
the transformations used, whilst in the present paper I 
have dealt with the matter in the first Appendix. This 
was only introduced in the final form of the paper at 
the suggestion of one of the referees. I fully approve 
the suggestion, as bringing the paper within the com- 
petence of a greater number of readers ; but it marks 
no change of attitude. It appears that in reading my 
early papers he had been under a misapprehension as 
to the manner in which I obtained my transformations, 
but at a later date he learnt more of the subject and 
inferred that I had been nursing a mystery and wilfully 
suppressing information. If Prof. Cramp misappre- 
hended my methods, others have not done so—J. F. H. 
Douglas, for instance, who, referring to the paper of 
1900, says: * '' The first use of Schwarz and Christoffel’s 
theorem for an electric problem was made by Kirchhoff, 
who used it to determine the capacity of plate condensers. 
The first suggestion of using the method in magnetic 
phenomena is due to F. W. Carter, who adapted Kirch- 
hoff’s and Thomson’s results to the pole-tip fringing 
in an electric machine." Modesty compels me to dis- 
claim the priority with which Mr. Douglas so generously 
credits me, for, although I have no reason to doubt its 
literal accuracy, the application was within the com- 
petence of others and involved no discovery on my part. 
Mr. Douglas has, moreover, wrongly inferred the sources 
of my information. But, unlike Prof. Cramp, he was 
clearly under no misapprehension as to the method 
used by me in the paper of 1900. With regard to 
Sir J. J. Thomson's “ Recent Researches in Electricity 
and Magnetism," which Prof. Cramp appears to regard 
as the source of my inspiration, to which I should 
continually have given reference, I unfortunately do 
not possess the book, nor am I now likely to have it as 
it is out of print.[. I, however, do not and did not 
need it in this connection, and in fact had not seen it 
at all at the time of my earlier papers, nor am I indebted 
to it for any of my work.] The original sources of my 
knowledge are the lectures of Profs. A. E. H. Love and 
Sir Joseph Larmor, whose exposition of this and kindred 
subjects has left me for ever their debtor. The treat- 
ment of the subject given in my first Appendix, although 


* J. F. H. Dovcras: The Reluctance of Some Irregular Magnetic Fields," 
Transactions of the American I.E.E., 1915, vol. 34, p. 1079. 

t The market price of second-hand copies is now, I believe, in the neighbour- 
hood of £4. 

t The paper of 1901 was written at Schenectady, out of reach of lecture 
notes or books of reference. The earlier paper owes nothing to such aids. 
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less complete than Sir J. J. Thomson’s, is, in my 
estimation, superior to it in perspicuity. If, in my 
early papers, I employed a boundary * given also in 
Sir J. J. Thomson’s book, the matter is of no consequence, 
being within my own competence. It is unlikely that 
Sir J. J. Thomson originated the boundary in question, 
or that he had need to refer to an original for it. Indeed, 
the extract from J. F. H. Douglas's paper quoted above 
indicates that Kirchhoff had already used the same 
boundary. Prof. Cramp has drawn a wrong inference. 
What I have just said is perhaps a sufficient answer to 
his question as to why I did not adopt Thomson's 
notation for the complex variable; I did not know it. 
However, I do not wish to shelter behind an excuse 
that I could have rendered nugatory by borrowing a 
book. Mathematicians usually endeavour to assist 
themselves and their readers by adopting notation 
which associates like things, thus enabling the work to 
be followed without effort of memory. It is customary 


* The boundary is substantially the same throughout both papers. See 
my present paper, Section (10), p. 1128. 


to write for a complex variable, z = x + iy.* Fora 
corresponding complex, variable I might have used 
dashed letters (z'y'z, but the dashes are apt to be 
omitted or misplaced, and a more distinctive notation 
is preferable. The triplet (£94) is at once associated 
with (xyz), not only conventionally but in function or 
form as well, and is commonly used on this account in 
mechanics and elsewhere. Sir J. J. Thomson uses the 
triplet (€nt), a notation which I do not consider has 
any special characteristic of appropriateness to merit its 
being standardized f for this use ; and I am not aware 
that it has found users other than Prof. Cramp. Since 
Sir J. J. Thomson's book is out of print, I might suggest, 
on the principle that a live ass is better than a dead 
lion, that if any notation is to be standardized, it should 
rather be mine. 

* Sometimes « is used in place of i. When, however, my paper was pub- 
lished in the Journal the t was changed to j. Steinmetz used j somewhat 
similarly as a unit vector, and i, j, k, are used as unit vectors in quatcernions; 
Dun dcos writers generally use t or « in dealing with the complex 


t If standardized notation is of any moment in mathematics I might point 
out that the symbol t is almost universally used for “ time.’ 
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ADDRESS TO THE NORTH-WESTERN STUDENTS’ SECTION 
By W. J. MEpDLYN, Member. | 
"THE ADVANCEMENT OF ELECTRICAL ENGINEERING." 


(ABSTRACT of an Address delivered at MANCHESTER, 29th October, 1926.) 


In the course of time the students of to-day will be 
called upon to take the reins from the hands of those 
who now occupy the premier positions, and in looking 
forward to that future development it is well to keep 
ever before us the fundamental fact that the honour, 
the prestige and the progress of any body of men, or 
association of men, is the integral of the units composing 
that body. 

In our early days a good deal of drudgery is inevit- 
able, but this should be regarded as the price to be 
paid for success in later life. That price should be paid 
promptly, willingly and cheerfully, with the comforting 
reflection that faithful work enhances the renown and 
honour of our chosen vocation. A live interest in the 
work we are called upon to do is a tremendous driving 
force. Whilst there are, however, duties to be per- 
formed which we approach with a feeling of distaste, 
there is, nevertheless, no duty within the vast range of 
our profession which does not possess points of interest. 
Effort should be made to concentrate on searching for, 
and on finding, interest in detail in everything you are 
called upon to do. This will have a three-fold effect. 
First, the deliberate, calculated search for live interest 
will serve to drive you on steadily to success. Second, 
the play of that live interest will widen your powers of 
observation; and, in what you regard as the mud of 
your profession, who can say there may not be some 
gem of worth to you? Third, the psychological effect 
on your own health and happiness will be profound. 

There is definite advantage in realizing the relation 
of our part of the contribution which we make to the 
general good of mankind. However important may be 
the services of the engineer to his fellows, he is, after 
all, but one link in the chain. Hence it is vitally im- 
portant that he should never lose sight of the relation 
between his portion of the world's work and the plan 
of the whole. Perspective is particularly necessary to 
men engaged on the perfection of perhaps a very small 
portion of a particular bit of a sub-division of electrical 
engineering. 

The constant appreciation of our place in the scheme 
of affairs produces breadth of vision. This is perhaps 
the most valuable characteristic for the man who desires 
to serve his day and his generation to the best of the 
powers with which he is endowed. 

The engineer does not, in general, occupy the position 
which is his due, and, to some extent, this may be the 
result of causes within his own control. If he so con- 
centrates on his particular work that he loses perspective 
and catholicity of interest, his general views and outlook 
will necessarily become so cramped that he will not 
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machine or design. 


be capable of taking supreme control where breadth of 
outlook is essential. 

In the cultivation of breadth of vision, human problems. 
naturally arise. The first fundamental principle to be 
realized is that the surest way to obtain material progress 
is to secure close co-operation between all classes engaged 
in the national industries. The resultant harmonious 
working reacts to the benefit of the whole community, 
and, consequently, this spirit ought sedulously to be 
cultivated to replace the bitterness that so often mani- 
fests itself between the various partners in the produc- 
tion of commodities. 

As engineers, we are continuously faced with prob- 
lems of economics, and perhaps, therefore, from our 
training, we have a natural tendency to give some 
regard to economic laws in their application to social 
and industrial conditions. It is not easy, of course, 
to reconcile the many divergent views as to what is 
best for mankind, but there is a growing opinion amongst 
the majority of serious thinkers that economic peace 
between classes is as necessary to the future life of the 
world as political peace between States. These problems 
vitally affect the growth and progress of the work 
which we are endeavouring to carry out, for the object 
of all our work is to add to the amenities of civilization 
and the well-being of humanity in general. 

Our relations, firstly with our chiefs whom we serve, 
and, secondly, with the people we control, constitute a 
vital and fundamental problem. Even to the engineer 
engaged solely on research work and having, conse- 
quently, no administrative functions, there is much 
advantage to be gained by a thoughtful and sympathetic 
understanding of the workmen who are called upon to 
put the results of the research work into the relative 
A helpful attitude on both sides 
will vastly facilitate the attainment of a successful 
result. In addition, the research engineer ought to 
appreciate that his chiefs are compelled to examine 
financial results. An idea may be scientifically correct, 
and it may constitute an advance; but the price of 
perfection is sometimes such that something short of 
the ideal must be accepted. A serious attempt to 
appreciate, and to understand, the views and attitude 
of the chief, will tend to develop the very characteristics 
which, later on, you in your turn will be called upon to 
exercise. This is well worth attention, apart from 
considerations of tact and the fact that a correct mental 
attitude will tend to make one's passage through these 
earlier days smoother and happier. 

For the engineer called upon to exercise control over 
workmen the importance of the right attitude cannot 
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possibly be over-emphasized. For it is only in this way 
that happy, harmonious, co-operative working, which 
is only another term for efficiency, can be achieved. 

A task that is peculiarly burdensome or distasteful 
to your workmen will repay a careful study to see just 
why it is so. In all probability definite improvement 
and economy in that process will be achieved by the 
study. 

When an accident occurs, the superficial person 
usually contents himself with remarks about careless- 
ness, or sheer idiocy, and dismisses the matter with a 
note of its cost. A little time may profitably be spent 
in trying to discover why an idiotic thing was done. 
An engineer has his share of responsibility whenever 
one of his men gets injured, and he should not shirk 
that responsibility or its implications. 

As you know, a mission of trade unionists recently 
visited America to examine the industrial conditions 
in that country. Two things impressed me as likely 
to interest you particularly. The first was the cordial 
relations between the controlling officers and the men ; 
the second was that in so many cases those same con- 
trolling officers had worked their way up from the 
bench. If these two facts are in any way related, the 
moral is obvious. The engineer of the future, if he is 
to occupy a position of administrative control, must 
know not only his work but also his men. He must 
develop, along with his professional knowledge and 
experience, the knowledge of his fellow-men. And all 
this must be correlated to the economics of his sphere 
of activity. The young engineer who keeps these 
principles well to the fore, and “fills the unforgiving 
minute with sixty seconds’ worth of distance run," 
not only will command and attain the highest rewards 
of his profession, but will attain the very highest plane 
of mental development and happiness in life. 

In service to the community—which includes his 
chiefs and subordinates—lies every material and moral 
advantage. He who serves his day and generation 
best will surely best serve himself. His slogan should be, 
“ How can I best serve the community ? ” not ‘‘ How 
much pelf or kudos can I extort ? ” 

The mission of trade unionists to the United States 
arrived at the conclusion that there was in that country 
a more general use of machinery in manufacturing 
processes than is ordinarily found in England. In 
general it may be said that there are very few processes 
which can be carried out by machinery which ought 
to be performed by human labour. Wherever a man's 
occupation tends towards the detriment of his health 
and happiness, very serious study is called for to find 
out how the onerous conditions can be obviated. The 
point has been put in this way instead of from the 
cost standpoint because of the fundamental importance 
of the human aspect of the matter. It is usually in 
cases of this character that the man who regards his 
problems soullessly is hable to err. This remark applies 
with equal force to the control of any industry when that 
control is based solely on finance. At the same time 
it should be borne in mind that a proper appreciation 


of the human factor is in strict consonance with the 
natural economic laws. 

There is another direction in which sometimes the 
young engineer is a trifle trying to his chiefs, and that 
is with regard to order and method. In fact a short 
course of training in office routine would be valuable. 
Results of experiments, statistics, detailed reports, and 
the like, should be filed in such a way as to be instantly 
accessible; but before the documents are so filed they 
should be complete and adequate. There should not 
exist large gaps in the story known only to the '' filer," 
which he will perhaps be unable later to supply without 
considerable effort. Letters should, of course, alwavs 
be dealt with promptly and adequately ; and by ade- 
quately is meant that all the points raised should be 
replied to specifically. All this is secured when power 
of judgment has been carefully cultivated. In general, 
disorderly office methods result from disorderly think- 
ing, but here again it may be said that these difficulties 
are largely due to lack of perspective in that the relation 
of the work in hand to the complete organization is not 
fully appreciated. 

Mental detachment from all preconceived prejudices 
is invaluable. This faculty can be cultivated by care- 
fully watching the effect of our own prejudices on 
our judgment in any particular case. If our judgment 
is right there can be no difficulty in writing down in 
two parallel columns the reasons for and against the 
decision made. 

Of the effects of mistakes or errors of judgment on 
the financial side little need be said—these things are 
usually forcibly enough brought home to the man who 
errs. But in dealing with human problems the results 
are frequently much more serious, although these results 
are less apparent and may, indeed, escape detection 
altogether. The advancement of a man over his 
fellows may sometimes be due to the rose-coloured 
spectacles through which his actions and results are 
viewed, whereas in another case a man of great abilitv 
may be missed by reason of personal prejudice or dislike. 
Errors of this kind lead to very serious trouble in breed- 
ing discontent and lack of trust. If now the pros and 
cons of each case are deliberately committed to writing 
and analysed, such mistakes will be few and far between. 
Always remember that injustice rankles severely, and, 
like a contagious disease, spreads around by contacts ! 

Many promising careers have been wrecked on the 
rocks pointed out. The electrical engineering  pro- 
fession will advance at the rate that the coming genera- 
tion advances, and it has therefore been deemed worth 
while to call specific attention to the things which will 
serve to develop the administrative powers of engineers. 
It certainly does not follow that every professional man 
has administrative ability simply because he is a pro- 
fessional man. These remarks are made from the point 
of view that in so many young engineers there is a 
tendency to treat with contempt the business aspect of 
their work, and I hope I may have applied a small 
corrective to a wrong, but somewhat prevalent, view- 
point. 
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THE DESIGN OF CURRENT TRANSFORMERS.* 
By C. T. MELLING, M.Sc.Tech., Student. 


(ABSTRACT of a Paper read before the NORTH-WESTERN STUDENTS’ SECTION 10¢h November, and before the 
MERSEY AND NortH WALES (LIVERPOOL) STUDENTS’ SECTION 17th December, 1926.) 


LisT OF SYMBOLS USED IN THE PAPER. 
T, = primary turns. 
T, = secondary turns. 
I, = primary current. 
I, = secondary current. 


I, = exciting current. 
Im = Magnetizing current. 
I; = core-loss current. 

n = turns ratio = T,/T,. 


f, = current ratio = Iy/7,. 
$ = power factor of secondary circuit. 
0 = phase angle of transformer. 


INTRODUCTION. 


The principal advantages resulting from the use of 
current transformers are :— 


(i) The current in the circuit under control is trans- 
formed down to a value more suitable for 
ammeters, wattmeters, relays, etc., which may 
be standardized. 

(ii) Meters, relays, etc., are insulated from the line 
voltage. 


The purposes for which current transformers are 
used are:— 


(i) The operation of instruments over their whole 
range; e.g. ammeters, wattmeters, etc. 

(ii) The operation of instruments at and above some 
critical value of current, e.g. overload relay, 
trip coils, etc. 

(iii) The operation of protective systems, e.g. cir- 
culating current and core-balance systems. 


The requirements of current transformers are :— 
(i) Accuracy of ratio and phase angle. 

(ii) Reliability. 

(üi) Economy of space and price. 


THEORY. | 

The formulae for ratio and phase-angle errors of the 
current transformer may be derived from the vector 
diagram (Fig. 1) by projecting the vectors Ip, Im and 
I; along and at right angles to the line nZ,, whence it 
appears that l 
Im sing + Ip cos ġ 

I, 

Im cos $ — Iysing 
nI, + Ij, sin $ + Ip cos ó 
* A Student's Premium was awarded by the Council for this paper, and it 


is the practice of the Council in such cases to publish the paper, in full or in 
abstract, in the Journal. 


and tan 9 = 


The accuracy of the formulz depends on :— 


(i) The assumption that for small phase angles, 
cos $ = 1. 
(ii) The values assigned to Im and I. 


The error due to (i) is less than 0-01 per cent when the 
phase angle = 2°. Values of Im and I, should be taken 
from no-load tests on the cores under consideration, 
rather than from curves taken on samples of the iron. 
For most purposes the error from the use of no-load 
figures is reasonably small, although the flux distribution 
in the core is different for no-load and full-load conditions. 

Since Im and Jy depend on the effective primary 
voltage, which in turn varies with the secondary load, 
it follows that the error: of a current transformer depend 
on the secondary load. Limits of ratio and phase-angle 
errors have been specified by the British Engineering 
Standards Association for transformers of various rated 


Fic. 1.—Vector diagram of current transformer 
(exciting current to exaggerated scale). 


secondary loads. The rated volt-ampere capacity of a 
current transformer bears no relation to copper loss, 
though this fact is not always appreciated. For pur- 
poses requiring no great accuracy, e.g. the operation of 
overload trip coils requiring 30-40 VA, which can be 
adjusted to function at some definite value of primary 
current, transformers may be used having a small 
capacity according to British Standard Specification 
No. 81, 1919. 


EXCITATION. 


lransformer accuracy depends largely on the iron 
circuit. The following points deserve notice :— 


(i) The iron should be of the best quality available 
when accurate transformers are required. 

(ii) The reluctance of the iron circuit should be kept 
small by using cores of large cross-section and 
a moderately short length of flux path. 
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(iii) The joints in the iron core should be as few as 
possible, and should have a low reluctance. 

(iv) The '* punching strain " should be reduced to a 
minimum by the use of sharp dies. The 
punchings used in many current transformers 
are small in area, and, consequently, have a 
large ratio of strained to unstrained area. 

(v) After punching, iron should be annealed so as to 
remove the strain. 


RATIO AND PHASE ANGLE. 


Increase of secondary load reduces the ratio J,/I, and 
increases the phase angle. 

Decrease of secondary power factor from unity 
reduces the ratio I,/I, and reduces the phase angle. 

Decrease of frequency reduces the ratio I,/I, and 
increases the phase angle. 

The errors of current transformers may be reduced 
by :— 


(i) An increase in the number of primary and 
secondary turns. The errors ofa current trans- 
former vary inversely as the square of the 
ampere-turns (approximately). 

(ii) Ratio error compensation. By arranging that 


T, , I, (rated value) 
Tp I, (rated value) 


the transformer may be compensated to have 
zero ratio error at one particular value of 
secondary load, secondary power factor, and 
line current (see Fig. 2). 

(iii) Phase-angle neutralization by secondary react- 
ance. The phase-angle error is zero when the 
secondary current and exciting current vectors 
are in the same straight line. This condition 
may be achieved for one particular value of 
secondary load and power factor, by designing 
a transformer with large secondary reactance; 
but any variation in secondary load produces 
a phase angle. Furthermore, when the phase 
angle is zero, the ratio error is at its maximum 
value, so that, while current transformers 
usually have a fairly large reactance, they are 
seldom designed for zero phase-angle error. 


'' THROUGH " TYPE CURRENT TRANSFORMERS. . 


"'Through" type current transformers are used 
chiefly for :— 


(i) Large currents where a wound type would be 
both unwieldy and unnecessary. 
(ii) Systems where very heavy overloads or short- 
circuits are probable. 
(iii) High-voltage systems where the cost of a wound 
type would be almost prohibitive. This third 
class presents the greatest technical difficulties. 


The '' through " type transformer has the equivalent 
ef only one primary turn, and the primary ampere- 
turns are thus numerically equal to the primary current. 

Since E, = nE,, a reduction of turns ratio (n) results 
in an increase of EĻ, and hence of exciting current, 
when the secondary conditions are constant. 
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CURRENT TRANSFORMERS. 


Assuming, as a first approximation, that 


I, oc E, 
I, 1 
then I, oc i 
Thus 
nV 
Errors with turns ratio nr = (=) 
I 


x errors with turns ratio n 


This fact is recognized by the B.E.S.A. Specification, 
which gives for single-turn transformers definite values 
of primary current lower than which the errors cannot 
be expected to fall within the limits imposed on wound 
type transformers with prescribed secondary loads. 
When the operating conditions do not demand limited 
errors, e.g. ammeters, relays and trip coils, “ through” 
type transformers may be used on circuits having much 
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Fic. 2.—16 VA shell-type current transformer tested at 
15 VA, 50 frequency, and power factors of 1-0, 0-8 
and 0:5. 


smaller primary currents than would be possible if the 
errors were to be limited. 
Si I, 1 ar 

ince I, [o a "D (approximately) 
it follows that, for given secondary current and load, 
some value of the turns ratio exists below which a 
further reduction results in an increase of primary 
current instead of a decrease. This minimum primary 
current depends on the parameters of the transformer, 
the secondary load and power factor, and frequency, 
and is increased by :— 


(i) Increase of reluctance of iron core, viz. decrease 
of cross-section, increase of inside diameter of 
core, joints in core, inferior quality of iron. 

(ii) Increase of secondary load. 

(iii) Decrease of secondary power factor from unity. 
(iv) Decrease of frequency. 


The phase-angle error is very large when the trans 
former is operating at its minimum primary current, 
but this does not influence the functioning of trip coils, 
relays, etc., for which such transformers are used. 
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INSTITUTION NOTES. 


Faraday Medal. 


The Council have made the sixth award of the Faraday 
Medal to Professor Elihu Thomson, Honorary Member 


, of the Institution. 


Associate Membership Examination Results: 
October, 1926. 


SUPPLEMENTARY LisT.* 
Passed. 


Herbert, R. S. (Singapore). 
Lovatt, C. R. (New Zealand). 
Swift, L. A. (New Zealand). 


Back Numbers of the Journal. 


In view of the small demand for the older back 
Numbers of the Journal, and the limited space available 
for storage, it is proposed to dispose of the copies in 
excess of 100 in the case of all Numbers which are more 
than five vears old. 

Before the surplus copies are otherwise offered for 
disposal, members are given the opportunity to obtain 
(price 2s. 6d. each) copies of any Number published 
prior to the year 1922, subject to there being more 
than 100 in stock, and provided that application is 
made to the Secretary not later than the 31st May, 1927. 


Discussions at Meetings. 


The Council wish again to remind members that the 
remarks of speakers at the meetings of the Institution 
should not be read from manuscript, the view being 
held that the presentation of remarks in this manner 
is contrary to the true spirit of a “ discussion ” and 
that contributions in manuscript should more appro- 
priately be sent to the Secretary for publication in the 
Journal as communicated remarks. It is therefore 
hoped that those taking part in discussions will confine 
themselves as far as possible to the use of notes only. 


Informal Meetings. 


82ND INFORMAL MEETING (25TH OCTOBER, 


Chairman: Dr. W. H. Eccles, F.R.S. 
Mr. P. Dunsheath, O.B.E., M.A.). 

Subject of Discussion: ‘‘ Does Heavy-current or 
Light-current Electrical Engineering afford the greater 
Scope to Young Men with Electrical Engineering 
Ability ? " (introduced by Dr. W. H. Eccles, F.R.S.). 

Speakers; Messrs. A. F. Harmer, W. A. Erlebach, 
W. H. Lawes, M. Hart, M.Sc., M. G. Tweedie, K. L. 
Wood, A. G. Hilling, W. Lunn, W. Day, A. H. Raisin, 
C. A. Ward, R. Leach, R. V. Hook, E. S. Ritter, P. W. 
Cash, W. F. Andrews, P. Dunsheath, O.B.E., M.A. 

* See page 183. 


1926). 


(and later 


83RD INFORMAL MEETING (8TH NOVEMBER, 19286). 


Chairman : Mr. H. T. Young. 

Subject of Discussion: “The Economics of Lamp 
Choice ” [introduced by Mr. D. J. Bolton, B.Sc. (Eng.)]. 

Speakers : Messrs. J. F. Shipley, W. J. Jones, W. E. 
Rogers, J. R. Bedford, W. H. Lawes, A. F. Harmer, 
G. H. Wilson, A. Barraclough, J. T. Bedford, H. T. 
Young. 


84TH INFORMAL MEETING (22ND NOVEMBER, 1926). 


Chairman : Mr. M. Whitgift. 

Subject of Discussion: ‘‘ Electrical Progress in 
European Countries ” (introduced by Mr. J. F. Shipley). 

Speakers : Messrs. T. Stevens, C. Lipman, W. E. 
Warrilow, A. B. Eason, R. A. MacMahon, W. Day, 
M. Hart, M.Sc., A. G. Hilling, R. Grigg, A. F. Harmer, 
H. T. Young, A. H. Allen, W. L. Wreford, A. H. 
Raisin. 


85TH INFORMAL MEETING (6TH DECEMBER, 1926). 


Chairman : Mr. J. F. Shipley. 

Subject of Discussion: ‘‘ Notes on the Trend of 
Electrical Development in America and Canada” 
(introduced by Mr. Ll. B. Atkinson). 

Speakers : Colonel R. E. Crompton, C. B., "Messis: 
A. R. Everest, P. Dunsheath, O.B.E., M.A., D. M. 
Simons, S. W. Melsom, J. A. Ramage, W. Day, W. H. 
Edridge, W. Lunn, M. Hart, M.Sc. 


The Benevolent Fund. 
The following is a list of the Donations and Annual 
Subscriptions received during the period 26 December, 
1926-25 January, 1927 :— 


£ s. d. 
Abraham, F. H. (Bradford) 5 0 
Acock, C. E. (London) lá 3 6 
Addison, J. D. (Inverkeithing, N. B.) 5 0 
Aitken, T. A. (Edinburgh) , ia 10 6 
Aitken, W. (London) . - s. 1 1 0 
Alabaster, E. O. (Hong- Kong) ne sa 5 0* 
Alabaster, H. (London) b T xx 2 2. 0t 
Alder, C. D. (St. Helens) , T 5 0* 
Aldis, R. F. (Windsor) 5 0 
Aldridge, D. W. (Prescot) 5 0* 
Aldridge, T. H. U. (Shanghai) 5 0 0* 
Allan, J. T. (Birmingham) 8 6 
Allen, A. H. (London).. 1 1 O0* 
Allen, R. G. (Dublin) .. ; 10 0 
Allen, S. T. (Wolverhampton) - 1 0 0* 
Allinson, H. J. (Bedford) 10 6* 
Allom, G. F. (London) 1 1 OF 
Ambler, A. G. (London) 3 6 
Ambrose, E. (London) 5 0* 


* Annual Subscriptions. 
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Combe, L. H. (Purley) 
Constable, A. D. (Oxted) 
Conway, J. (Dundee) . 

Cooch, H. (Farnborough, Hants.) 
Cook, N. J. (Wednesbury) 
Cook, W. W. (Rusper) 

Cooke, W. C. (London) 

Cooper, E. R. (London) 
Cooper, G. W. (Rotherham) .. 
Cooper, J. A. (Birmingham) .. 
Cooper, W. J. (Hamilton, N.B.) 
Coote-Cummins, C. P. (Dublin) 


* Annual Subscriptions. 
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£ 
Corbett, F. W. (London) 

Corfield, D. N. (Beeston, Notts.) 

Coupland, L. F. (London) i 

Courtney, Jun. T. (Watford) .. - zi 
Cousins, C. G. (London) : F TED | 
Coventon, G. L. (Chepstow, Mon. ie 
Cowie, J. R. (London) ; kc ED | 
Cowling, G. (London) .. ; 

Cox, C. H. F. (London) ; 

Cox, F. G. (Coalville, Leics.) .. 

Cox, L. C. (Coventry) . 

Cox, W. R. (Birmingham) 

Cozens-Hardy, The Rt. Hon. Lord (St. Helens) 2 
Craig, D. (Birmingham) € T ss 
Craig, J. L. W. (Hatfield Peverel) 


Crake, W. St. M. E. EMEN - 
Crawter, F. W. (London) es ; TE, 
Creasy, LL. A. (London) ay ab 
Critchley, V. F. (Harrow-on- -the- Hill) sel 


Crompton, C. (London) iy 

Cropley, C. P. (Burgess Hill) .. 

Cross, A. F. (Surbiton) : 

Crowther, J. P. (Rotherham) 

Crowther, L. H. (Sheffield) às 
Cuffley, W. (London) .. si X so d 
Cunnington, A. (London) T T ag bul 
Cuss, A. T. (Welwyn Garden City) 

Dale, A. C. (Croydon) .. : 

Dale, J. F. (Bermuda) n = by 
Dale, S. (Manchester) P "m pe | 
Dalgleish, I. S. (Woking) js T 5e, 
Dallow, N. R. (Dumfries) 

Dalston, J. F. F. (Perth) 

Dalton, J. C. J. (London) - ack 
Dalziel, J. (London) .. is s vu cd 
Damp, J. W. (Malta) .. 

Dancer, W. (Birmingham) 

Dandy, E. C. (Manchester) 

Daniel, L. H. (London) 

Daniel, R. R. (London) 

Dannatt, C. (Manchester) 

Darby, B. (Manchester) i 

Davenport, A. (Baildon, Yorks) 

David, R. P. (Leeds) 

David, T. (Birmingham) 

Davidson, H. S. (Wolverhampton) 


Davies, F. E. (Roplev) gi is xe. db 


Davies, G. H. (Chesterfield) 
Davies, J. (Manchester) 
Davies, P. G. (London) 


Davies, R. D. (Christchurch) .. T c». | 


Davis, P. K. (Blackburn) 

Davison, J. W. (Sunderland) . 

de Alwis, D. R. C. (London) .. 

Denné, F. E. (Brighton) 

Desborough, J. W. H. (Belvedere) - 
Devonshire, Sir James (London) ex oe. | 
Dickin, H. C. (Derby) 

Dickson, W. L. E. (Milan) me i$ 
Digby, T. J. (London) € m ec 
Diggle, H. (Sale) i T 
* Annual Subscriptions. 
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Ditmas, J. M. R. (Aspley Guise) 
Dixey, A. N. (Gt. Missenden) 
Dixon, C. D. H. (London) 
Dixon, E. (Margate) .. 

Dixon, I. T. (Hednesford) 
Dobeson, R. G. (Calcutta) 


bes 


bd 


Dobie, P. (Chester) 

Doel, H. E. (Holywell, N. W ales) es l 
Donkin, S. B. (London) P - ie uU 
Dorrell, H. B. (Bury) ack ck TE! 
Dowsett, H. M. (Colchester) .. m a 1 
Dowsing, H. J. (London) io i .. 1 


Doxat-Pratt, M. (London) 

Drake, B. M. (London) 

Draper, B. (Coventry) 

Drucquer, L. (London) = aid m 
Drummond, B. G. (Felixstowe) s exe d 
Drury, G. L. (Darlington) 

Drysdale, C. V. (Teddington) 

Duckworth, H. (London) 

Duguid, D. R. enna 

Dunbar, L. (London) . = 

Duncan, H. J. (Bagnor, ion Dowii) 

Duncan, M. J. (Brighton) i 

Duncan, W. H. (Newcastle-on-Tyne) 

Dunphy, T. B. (London) , 

Dupree, F. H. (Singapore) 

Durbin, J. (London) 

Dutton, H. (Prescot) Y $3 as 
Dutton, H. N. (Madrid) " Pi tx d 
Dyson, E. V. (Huddersfield) .. 

Eastwood, J. W. (Cardiff) 
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Ebner, P. C. (London)... T m .. 1] 
Eccles, W. H. (London) DA s tu | 
Eckersley, P. P. (London)  .. «s ey of 


Eden, A. C. (Dewsbury) 

Eden, J. A. (London) — m bs 
Edgcumbe, K. (London) T T qw. cd 
Edgeworth, K. E. (Bexleyheath) vs sis | 


Edmunds, F. W. (London) 

Edwards, J. C. (London) 

Edwards, L. (Aberdeen) 

Edwards, LI. (Liverpool) 

Electrical Engineers’ Ball Committee (Swansea) 5 

El-Sayed, M. A. (Baden) 

Elson, M. B. (Stafford) = 

Elworthy, B. C. T. (London).. 

Emslev, A. E. (Manchester) 

England, C. J. (London) i 

Erskine, D. B. (Box, Wilts.) .. 

Euler, L. H. (London) 

Evans, A. W. (Ormskirk) 

Evans, G. (Newcastle-on-Tvne) 

Evans, G. H. D. (London) 

Evans, W. T. (Glasgow) 

Evershed, S. (London) 

Ezekiel, M. (London) .. ; T 

Fagge, A. K. (Farnborough, Hants. ) ca 

Fairhurst, H. H. (Darwen) .. i es 1 

Falmouth, The Rt. Hon. The Viscount 
(London) EE d = = TED E. 

.* Annual Subscriptions. 
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£ s. d. | £ s. d. 
Farrell, J. F. E. (Glasgow) 2 6 Ghosh, S. N. (Calcutta) 4120 0- 
Faulkner, H. (Rugby) 5 0* | Gibbs, G. H. P. (Bath) 5 0 
Fawssett, E. (Riding Mill) i 5 O 0* | Gibson, H. C. (Westerham) 1 0 0 
Featherstone, H. (Tunbridge Wells) . 1 1 0 Gibson, H. J. (London) : 5 0* 
Fedden, S. E. (Sheffield) à - 2 2 0* | Gibson, S. (Newcastle-on-Tyne) 2 6 
Fell, H. H. (Andover) 5 0 Gifford, R. D. (Birmingham) .. 5 0 
Fennell, W. (Northwich) 1 1 0* | Gil, J. V. (London) .. 10 0 
Ferguson, S. (Manchester) .. 1 1 O* | Gilbert, G. E. (Wolverhampton) 3 0* 
Ferranti, V. G. de (Hollinwood) 1 O 09* | Gilbert, H. W. (London) 10 6* 
Fewtrell, J. W. (London) 2 6 Gilbert, W. (Ipswich) 10 0* 
Fielder, C. R. (London) 5 0 Gilberthorpe, F. (Sheffield) 5 0 
Finden, H. J. (Romford) ie 5 0 Giles, H. W. (Canterbury) 5 0* 
Finlay, A. H. (Holywood, Co. Dublin 1 1 0 Gill, H. (Dolgarrog, N. TREI 5 0* 
Finlayson, H. C. (London) ; 2 6 Gill, V. W. (London) .. 5 0* 
Fippard, A. J. (Wallington) 1 0 0 Gillespie, M. McA. (London) . 1 1 0 
Fisher, W. D. (Wigan) 5 0* | Glass, C. G. (Llanelly) 5 0* 
Fleming, E. G. (London) 1 1 O* | Glew, E. L. (London) a 10 O0 
Fleming, J. A. (Sidmouth) 2 0 0 Glover, K. G. (Weston-super-Mare) s 3 6 
Fleming, J. G. (London) 5 0 Goatley, A. H. (Sidcup) : 5 0* 
Fleming, W. K. (Greenock) 2 6* | Gogan, J. (Glasgow) 5 0 
Fletcher, J. Y. (London) ] 1 O* | Goldup, T. E. (London) 5 0* 
Flight, W. S. (London) 5 0* | Good, P. (London) 110 
Flint, E. W. (Bromley) 5 0 Gordon, D. A. (Manchester) 3 6 
Foggo, J. J. (Edinburgh) 2 6 | Gordon, E. A. (London) 5 0 
Forster, E. W. (Rugby) 5 0 Goslin, E. T. (Glasgow) ] 1 O* 
Forster, T F. C. (London) 5 0 Gourlay, C. A. G. (Rugby) 7 6* 
Fortescue, C. L. (London) 5 0* | Gow, A. G. (Greenock) 10 0* 
Foster, C. B. (London) 2 6 Grace, G. E. (Hebburn-on-Tyne) 3 6 
Foster, F. W. (Manchester) 10 0* | Graham, J. S. (Portadown, Co. Armagh) 5 o* 
Fowler, J. (Liverpool) 5 0 Graham, R. C. M. (London) .. pi 2 6 
Fox, H. S. (London) 10 0 Grant, R. H. (Coventry) 10 0* 
Fox, R. C. (London) 2 6 Granville, W. P. (Bournemouth) 1 0 O* 
France, E. (Hyde) 2 6 Grapes, H. J. (Southampton) 15 0 
Frankling, A. E. (London) 5 0 Gray, A. (London) pa 1 1 0 
Franks, H. W. (Fleet, Hants.) 5 0* | Gray, P. V. (London) .. 1 1 O* 
Fraser, A. (Glasgow) 5 0 Gray, R. E. (London) .. 8 6 
French, B. (Kidderminster) 5 0 Green, E. (London) .. 5 0* 
French, D. C. (Twickenham) .. 4 0 Green, G. E. (St. Helens) 5 0* 
Friendship, C. A. (Runcorn) .. 5 0* | Green, G. N. (St. Helens) 4 0* 
Frome, N. F. (Bristol) 8 6* | Green, H. (Keighley) .. T 5 0* 
Fuller, W. H. (Sheffield) 10 0 Greenup, L. S. (Sth. Shields) 2 6 
Gadsby, D. J. (Brighton) 10 6* | Greenwood, E. R. (Canterbury) 3 6 
Gait, F. (Stalybridge) .. 10 6 Greenwood, H. (Barnsley) 5 0 
Gale, B. R. (Middlesbrough) . 5 0 Gregory, H. T. (Porthcawl) 5 0 
Gallizia, E. (Birmingham) 5 0 Gregory, H. W. (Wembley Park) 10 6* 
Gandhi, K. C. (Lahore) 5 0* | Gresswell, F. P. (Bristol) 5 0* 
Garcke, E. (Maidenhead) 2 2 O* | Gridley, Sir Arnold (London) ] 1 O* 
Gardiner, J. R. (London) 1 1 O* | Griffith, W. G. (Galway) 1 0 O* 
Gardiner, R. C. (Epsom) . 2 6 Griffiths, J. O. (Lowestoft) 5 0* 
Garrard, C. C. (Birmingham) .. 10 6* | Griffiths, L. (Coventry) 2 6° 
Garrard, J. A. T. (London) 10 6 Griffiths, W. (Nairobi) oe 10 0 
Gatehouse, E. A. (London) 5 0* | Griffiths, W. H. F. (London).. 5 0 
Gatley, W. H. (Todmorden) .. 5 0* | Grime E. (Grays) , 5 0* 
Geipel, K. S. (London) 1 O O* | Grime, R. E. (West Didsbury) ] 1 O* 
General Electric Co. .. 10 10 0* | Grinstead, L. (London) 10 6 
George, T. A. (Monkseaton) 5 0* | Grinsted, W. H. (London) 10 0* 
Gerard, A. G. L. (Conway) 5 0 Gripper, F. E. (London) -2 2 O* 
Gerrard, F. B. (New York) 5 0 Grose, F. R. (London) 5 0 
Gerrard, H. (Manchester) 15 0 Grove, P. E. (Stafford) 3 6 
Gethin, E. L. (London) E 2 6 Grover, C. (Gravesend) 10 6* 
Ghani, M. A. H. (Richmond) .. 1 1 0 Groves, W. E. (Birmingham). . 1 1 O* 


* Annual Subscriptions. 


* Annual Subscriptions. 
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Groves-Webb, H. J. (London) 
Gumersall, G. J. (Surbiton) 
Gunn, J. H. (London) 

Gurney, W. A. J. (Portsmouth) 
Guthrie, R. (Coventry) 
Gwyther, C. W. (Buenos Ayres) 
Haddow, W. M. (Glasgow) 
Hagry, S. A. (London) 

Hague, B. (Glasgow) 

Haldane, T. G. N. (London) . 
Hale, R. M. (Cobham) 

Halford, W. C. J. (Twickenham) 
Hall, C. S. (Watford) . , 
Hamilton, C. (Shanghai) , 
Hamilton, J. (Birmingham) .. 
Handley, B. (Portsmouth) 

Hann, C. S. (London) .. 

Harber, F. O. (Manchester) 
Hardern, H. W. (Manchester) 
Hardisty, R. W. (Weybridge) 
Hards, L. A. (Carn Brea) 

Hards, R. L. (Rugby) 

Hardy, A. E. (Merthyr Tyafi) 
Hardy, R. (Lowestoft) Eos 
Hardy, W. E. (Bath) . 

Harmer, A. F. (London) : 
Harmsworth, H. B. (London) 
Harris, N. E. P. (Tipton) 
Harris, P. (London) 

Harrison, H. H. (Liverpool) . 
Harrison, Haydn T. (Canterbury) 
Harrower, W. (Brodick, Arran, N. = 
Hart, D. (Chelmsford) bi 
Hart, F. de B. (London) 
Hartland, S. (Gillingham) 
Hartley, R. K. (Carnarvon) 
Harvey, R. J. (London) pi 
Haslam, W. V. (Chesterfield) .. 
Hastings, H. (Madrid) 

Havekin, T. (Manchester) 
Hawkins, C. C. (Kew) 

Hay, A. (Ringwood) 

Hay, A. (Leith) 

Hay, P. G. (Wallington) : 
Haydock, W. J. (Liverpool) .. 
Hayes, P. (Wigan) 

Head, W. J. (Newcastle-on- Tyne) 
Heale, J. E. A. (Gloucester) 
Hebblethwaite, A. W. (Halifax) 
Hedley, I. H. (Newcastle-on-Tyne) .. 
Henderson, J. (Belvedere) 
Henderson, J. A. (New agi 
Henn, S. T. (London) .. 

Herd, J. F. (Langley) . ; 
Heslop, J. F. (Barrow-in- Formes 
Hickleton, C. J. (Wallsend-on-Tyne) 
Higgs, W. F. (Birmingham) F 
Higham, J. (Manchester) . 
Higham, J. B. J. (Pontypridd) 
Highfield, W. E. (London) 

Hill, A. J. (Chelmsford) 


* Annual Subscriptions. 
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Hill, E. P. (Manchester) 
Hill, F. E (Hale) ba 
Hill, G. A. D. (Welwyn Garden City) 
Hill, L. D. (Chelmsford) 25 
Hill, N. McL. (Manchester) 
Hill, R. V. (London) 
Hill, S. (Stafford) P 
Hilling, A. G. (London) 
Hills, R. (Matlock) .. 
Hinchliffe, D. (Huddersfield) . 
Hinds, J O. (Rugby) 
Hines, R. J. (Bromley) , 
Hinings, F. S.G. (Harrogate) 
Hippisley, R. J. B. (Bath) 
Hirst, Sir Hugo (London) 
Hoadley, E. E. (Maidstone) 
Hoare, E. (London) 
Hobbs, H. H. (Leeds) . 
Hobbs, P. G. (Tunbridge Wells) 
Hodge, T. (Liverpool) 
Hodges, J. P. (Middleton St. George) 
Hodkinson, J. C. (Manchester) ; 
Hogg, D. B. (Manchester) 
Hogg, P. M. (St. Helens) 
Holbrook, H. S. (Rugby) 
Holden, S. H. (Birmingham) .. 
Holdsworth, J. E. (London) .. 
Hole, W. A. (London) : 
Hollander, J. M. (Birmingham) 
Hollingworth, J. (Ashstead) .. 
Hollis, L. W. (London) 
Hollyer, G. J. (London) 
Holman, H. (Rajputana) 
Holmes, S. (Bristol) . 
Holmes, W. T. (London) 
Holttum, W. (Birkenhead) 
Homan, F. T. (Calcutta) S 
Hood, T. (Bristol) T 2s es 
Hook, G. H. J. (London) 
Hooper, H. (Birmingham) 
Hooper, S. A. V. (Carlow) 
Horn, T. L. (London) .. - 
Horne, W. F. M. (Braintree) .. 
Horner, J. W. (Manchester) 
Horsfield, E. B. (Bradford) .. 
Houstoun, R. H. F. (Wallsend) 
Howard, A. (London) .. bs 
Howard, A. J. (Taunton) ; 
Howard, F. (Newcastle-on-Tyne) 
Howe, G. W. O. (Glasgow) ; 
Howgrave-Graham, R. P. (London) .. 
Hughes, A. A. (Newcastle-on-Tyne) .. 
Hughes, L. E. C. (London) 
Hughes, W. H. (Wolverhampton) 
Humphreys, H. V. (London) .. 
Hunt, M. S. H. (Wembley) 
Hunt, W. S. (London) 
Hunter, J. (London) 
Hunter, P. V. (London) ; 
Hunter-Brown, P. (London) .. 
Hutcheson, A. (Glasgow) : 

* Annual Subscriptions. 
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Hutchinson, F. J. (Liverpool) 
Hutton, F. W. (Frodsham)... 
Hvistendahl, H. S. (London)... 
Ingham, F. (Bolton) .. x 
Innes, W. (Whitley Bay) 
Isterling, J. (Liverpool) 
Jackson, F. S. (Halifax) 
Jackson, Sir Henry B. (London) 
Jackson, H. A. (Derby) 
Jackson, H. B. (Warrington) .. 
Jackson, W. G. C. (Woodford Green) 
Jacob, E. S. (Chipstead) , 
Jacoby, H. C. E. ipu di. 
James, D. (London) 

James, E. G. (Rugby) 

James, E. W. (Hounslow) ; 
James, W. H. N. (Bradford) .. 
James, W. L. (Cardiff) 

Jarratt, A. (Swansea) 

Jarvis, H. W. (Erith) .. 
Jenkins, D. (London) 

Jennings, B. C. (Wallasey) 
Jewson, F. K. (London) : 
Joel, H. F., Jun. (Beckenham) 
John, W. J. (Croydon) ip 
Johnson, J. H. (Chelmsford) .. 
Johnston, W. (London) 

Jones, C. (Wembley Park) 
Jones, C. E. (Liverpool) 

Jones, E. T. L. (Cardiff) 

Jones, F. G. (Plymouth) 

Jones, H. E. (London) 

Jones, H. H. (London) 
Jones, I. (Cardiff) s4 
Joseph, H. (Wolverhampton). 
Joseph, J. (London) . 
Josephs, H. J. (London) 
Joyce, R. C. W. (London) 
Judson, R. (Welling) 

Kaempf, E. (London) . 

Kahn, H. J. (London) ; 
Kay, H. H. (Loughborough) . 
Keens, J. E. A. (London) 
Kennard, E. G. (London) 
Kelly, A. C. (Buenos Ayres) . 
Kelly, M. V. (Tibshelf, nr. Alfreton) - 
Kendon, D. H. (Ryde, I.O.W.) 
Kennedy, Sir Alexander (London) 
Kennedy-Purvis, C. E. (London) 
Kennett, A. J. N. (London) 
Kenworthy, A. (Barnsley) 
Khory, K. N. (Manchester) 
Kingsbury, J. E. (London) 
Kingston, J. M. (London) 
Kingston, J. R. (London) 

Kirk, A. (London) vx 
Kirkby, H. McK. (London) 
Kishk, M. M. (London) 

Knight, F. J. (Chelmsford) 
Knowlson, J. McK. (Bristol) .. 
Knox, R. (London) 


* Annual Subscriptions. 
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Kolle, H. W. (London) 
Kunning, G. A. (Loughborough) 
Lackie, W. W. (London) 
Lamb, H. C. (Manchester) .. 
Lambourn, W. C. (N ewcastle-on-Tyne 
Lamerton, H. (Calcutta) ; 
Lancaster, W. B. (Birmingham) 
Lane, W. E. (London) : 
Langdon, G. H. (Bristol) 

Lash, A. R. (Lisbon) 

Latham, A. (Southport) 
Latimer, K. E. (London) 

Law, A. H. (Rugby) 

Law, G. C. (London) 
Lawrence, R. (Southsea) 
Lawry, A. V. (London) , 
Lawson, P. B. (Eastbourne) .. 
Lea, N. (London) " 

Lea, W. H. (Manchester) 

Leaf, E. H. (London) 

Lean, A. L. (London) . 

Leathes, W. H. B. (London) . 
Leaver, H. (Burnley) . 

Lee, H. B. (Gerrards Cross) 
Lee, H. C. (Lima) 

Lee, J. A. (Bromley) 

Lee, W. J. (London) 

Lees, A. (Mansfield) ; 
Le Feuvre, C. G. (Harpenden) 
Lefroy, H. P. T. (London) 
Leman, H. S. (London) 
Lepine, L. J. (Liverpool) 
Levin, A. E. (London)... 
Lewis, G. (Gorseinon) .. 
Lewis, J. B. G. (Cardiff) 
Lewsley, J. W. (Derby) 

Lillie, H. (Glasgow) 

Linsell, F. A. (Reading) 
Linzell, H. (London) .. 
Lloyd, J. A. H. (London) 
Lloyd, P. G. (Gosforth) 

Lobo, A. (Manchester). . 
Logan, A. (London) .. 
Lovatt, G. H. V. (Portsmouth) 
Lunn, A. L. (Manchester) 
Lunn, W. (London) 

Lusk, D. (London) à 

Lyons, H. M. (London) : 
Mabbott, W. H. L. (London) 
MacAlister, A. F. (Rugby) 
Maccall, W. T. (Sunderland) 
McCartney, H. (Stoke-on-Trent) 
McClean, T. (Shefheld) 
McColgan, A. J. (Glasgow) 
McColl, A. E. (Dumbarton) .. 
MacDermott, C. N. (Banstead) 
McDermott, J. (Hemel Hempstead) .. 
Macdonald, G. (Preston) - ei 
Macdonald, H. A. (Sidcup) 
Macdonald, J. W. (London) . 
McDouall, P. S. (London) .. 


* Annual Subscriptions. 
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McDougall, D. (Greenock) .. MS 
Macfarlane, J. C. (Glasgow) .. = 
McGavin, J. (Bootle) .. ae 
McGrath, F. A. (Cork).. 

McGrath, T. (London) 
MacGregor-Morris, J. T. (London) 
McGuigan, W. (Oorgaum, India) 
McKenna, P. (St. Helens) . 
Mackenzie, T. B. (Motherwell) 
McKillop, P. A. (Glasgow) 
McKinstry, A. (London) 
Mackintosh, W. (London) 
McLare, J. P. (Kirkee, India) 
McMillan, D. (Whitley Bay) .. 
Maggs, A. H. (Rugby) 

Maggs, P. J. (Rugby) T: 
Malcolm, G. W. (Northwich) .. 
Mallins, C. W. (Liverpool) 
Mallinson, A. B. (Salford) 
Mallinson, W. D. (London) .. 
Manifold, R. W. (Letchworth) 
Manning, C. J. (Portsmouth) . 
Manville, Sir Edward Cee 
March, C. (London) : 
Marchant, E. W. (Liverpool) . 
Markby, E. J. (London) ; 
Marks, E. E. J. (Portsmouth) 
Marks, F. E. T. (London) 

Marr, W. B. (Sunderland) 
Marriage, W. F. (Beckenham) 
Marsh, F. R. (Hong-Kong) 
Marshall, C. W. (Carluke) 
Marshall, J. (Cheltenham) . 
Marston, G. S. (Amersham Common) 
Marston, S. G. (Stockton-on- iua 
Martin, P. M. (Prescot) , 
Mathews, E. D. K. (Dublin) . 
Matthews, Mrs. M. L. (London) 
Maxwell, J. M. S. (Glasgow) .. 
May, A. E. (London) 

Mayall, J. (Gloucester) 

Maycock, A. (Liverpool) 

Mayo, C. G. (Rugby) 5 
Medlyn, W. J. (Manchester) .. 
Meecham, J. D. (Swansea) 
Melsom, S. W. (London) 

Mercer, C. J. (London) 

Mercer, F. (Liverpool) . . 

Mercer, R. (London) 

Merz, C. H. (London) 

Messent, J. S. (Loughborough) 
Messent, S. W. (London) 


£ 
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Miles, P. P. (Hayes) 
Miller, D. M. (Coatbridge) 
Miller, E. H. (Enfield) 
Miller, T. L. (Liverpool) 
Millington, S. (Old Colwyn) 
Mills, A. K. (Manchester) 
Millward, G. R. (Manchester).. 
Milne, P. W. (Birmingham) 
* Annual Subscriptions. 
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Milner, E. G. (Crewe) 
Minshall, T. H. (London) 
Mirrey, J. (East Bolden) 
Mitchell, J. F. (Dublin) 
Mitchell, W. (Lowestoft) 
Moberley, R. M. (Barnet) 
Moffett, F. J. (Birmingham) .. 
Mohring, A. E. (Hornchurch). . 
Moller, O. P. (London) 
Montague, W., M. T. (Glasgow) 
Moody-Smith, C. G. (London) 
Moores, F. R. (Portsmouth) 
Morcom, H. G. (Winchester) .. 
Mordey, W. M. (London) X 
Morecombe, W. M. N. (Chatham) 
Morgan, H. (Port Talbot) 
Morgan, J. D. (Birmingham) 
Morgan, P. D. (Romford) 
Morgan, W. R. (Birmingham) 
Morris, E. R. (Chesterfield) 
Morris, S. H. (Derby) .. 
Morrison, W. M. (London) 
Morrow, H. E. (London) 
Morse, C. (Birmingham) 
Morshead, L. R. (London) 
Morton, C. A. (London) 
Morton, J. A. (Prescot) 
Moscrip, W. R. (London) 
Mould, J. (Leicester) 

Moullin, E. B. (Cambridge) ; 
Mountain, W. C. (Newcastle-on- Tyne) 
Mousley, J. H. (Leamington Spa) 
Moussa, M. (Cairo) 

Mullard, S. R. (London) - 
Munday, H. E. (Burton-on-Trent) 
Mundy, A. W. H. (London) 
Murray, A. R. (London) 
Murray, G. A. (London) é 
Murray, G. E. W. (Glasgow) .. 
Murray, J. K. (Glasgow) 
Myers, A. J. (Gloucester) sa 
Napier-Whittingham, D. (London) 
Nash, E. A. (East Barnet) 
Naylor, W. S. (Manchester) 
Neate, E. P. (London) 

Needes, E. C. (Pontypridd) 
Nelson, J. E. (Runcorn) 
Nelson, R. (Harpenden) 

New, C. G. M. (Cardiff) 
Newcomb, H. N. (London) 
Newman, A. J. (Bristol) 
Newman, A. S. (Uxbridge) 
Newton, C. E. (London) 
Nicholes, S. (London) .. 
Nicholls, F. A. (Stourport) 
Nichols, E. J. (York) .. 
Nicholson, G. F. (London) 
Nicholson, T. C. (Preston) 
Nielson, J. F. (Glasgow) 
Nobbs, C. G. (London) T 
Noddings, W. B. (Manchester) 


* Annual Subscriptions. 
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Nottage, W. H. (Ruislip) 

Nunn, R. J. (Colchester) 

O’Brien, B. H. (London) - 
O'Brien, H. E. (Killiney, Co. Down) 
Oddy, G. N. (Coventry) ; 
O'dell, G. F. (Kingston-on-Thames) . ci 
O'Dell, H. J. S. (Southsea) 
Odling-Smee, C. W. (Guildford) 
Ogilvie, F. T. (Broadstairs) .. 
Oldham, C. F. T , 
Oliver, C. (London) .. 

Oliver, V. F. M. (Sunninghill) - 

Orme, B. S. (Manchester) 

Orringe, J. (Leicester) 

Orton, J. W. N. (Sheffield) 

Otter, F. L. (London) .. 

Overington, L. E. (Ilkley) 

Page, A. (London) i 

Paige, H. H. (London) 

Palmer, A. H. (Darlington) 

Palmer, E. W. (London) 

Palmer, F. H. G. (Manchester) jos 
Palmer, W. T. (Harrow-on-the-Hill) 
Panikkar, S. N. (Manchester)... 

Park, R. T. (Birmingham) 
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Plunkett, M. P. (Tonbridge) .. 
Pollock, H. eed 
Pollock, J. C. (Glasgow) 
Poolman, C. G. N. (pedo 
Pope, J. W. (London) . 

Porte, F. C. (Cork) .. 
Porteous, D. A. S. andon). 
Pound-Corner, H. S. (Preston) 
Powell, H. H. (London) 
Preece, A. H. (London) T 
Preller, C. S. du Riche (Edinburgh) a 
Prentice, H. N. (Stowmarket) 
Prentice, J. (Glasgow) ; 
Preston, C. E. (Manchester) 
Preston, G. F. L. (Ventnor) 
Price, L. (Lytham) 

Pritchett, C. G. (London) 
Pyne, A. P. (Sidcup) 

Quilliam, L. (Manchester) 
Ram, G. S. (London) .. 
Rampe, P. C. (Dover) 
Ramsay, A. J. (London) 
Ratcliff, H. A. (Manchester) .. 
Rattray, C. G. (London) 
Ravenscroft, G. S. (London) .. 
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Parkin, G. W. (Birkenhead) .. ats se ] Rawlings, W. R. (London) .. - ae | ” 
Parkinson, G. R. J. (Stourbridge) .. w Rawlinson, J. D. S. (Portsmouth) 
Parry, E. (London) i 5) 1 Ray, S. N. (London) zi 


Parry, W. (Stafford) 

Parsons, The Hon. Sir Charles (London) 
Partridge, D. G. B. (London)... ; 
Partridge, G. W. (London) .. 
Partridge, J. H. (Old Hill, Staffs.) 
Pask, V. A. (Newcastle-on-Tyne) 
Patchell, W. H. (London) 

Paterson, C. C. (Wembley) 

Payn, H. (Boston, Lincs.)  .. 
Paynter, R. P. T. (Southsea) .. 
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Read, J. C. (Rugby) .. 
Reddrop, W. H. (Enfield) 
Redshaw, C. C. (Llanrug) 
Reed, E. J: aaa 
Reeman, H F. (Manchester) . 
Reeves, R. W. C. (Beckenham) 
Reeves, S. K. (Harrow) 

Reiss, C. (Manchester) 

Rendle, G. A. (London) ; 
Renshaw, A. P. B. (London) .. 
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Pearce, S. L. (London) 1 Renwick, W. J. (Birmingham) 

Pearson, E. M. (York) 5 Revell, E. W. M. (London) 

Pearson, H. H. (Blackpool) l Rice, E. S., Jun. (Birkenhead) l 
Pedler, I. A. D. (Bristol) 5 Rich, T. (Woldingham) ] d 
Pegg, J. E. (Birmingham) 2 Richards, R. (Swansea) 6 
Pegg, R. N. (London) . 5 Richardson, W. P. (Birmingham) 0 
Peggs, E. P. G. (Leigh-on- -Sea) 10 Rickwood, H. A. (Bombay) 0* 
Pellow, E. (Plymouth) 5 Ridley, W. O. (Bombay) 10 0* 
Pender, D. (Liverpool) 10 Rigg, R. (Glasgow) 6 
Penny, J. C. (Stockport) 2 Riley, F. (Blackburn) .. 0 
Pernet, F. H. (Dartford) 10 Ripley, D. (Liverpool) 10 0* 
Perrin, J. F. (London).. 5 Risch, G. H. C. (Paignton) 15 0 
Perry, C. S. (Dublin) oe dae. 5 Ritchie, W. A. (London) 15 0 
Petersen, T. (Esher) .. bi si se d Ritter, E. S. (London).. 2A T 5 0 
Petithory, E. A. (London) , ae T 10 Rivers-Moore, H. R. (Croydon) ie . 1 0 O 
Phillips, C. F. (London) x 5x WEB Roberts, A. (Zanzibar) eo ak ol RO 
Pickford, T. E. (London) T 10 Roberts, D. E. (Cardiff) s "T Se dod. OF 
Piggott, J. W. (Whitby) 5 Robertson, D. (Bristol) i5 d .. 1 1 0* 
Pilcher, C. W. (Walmer) 8 Robertson, F. S. (London) T ^ 5 0 
Pilcher, R. H. (Basingstoke) .. 3 Robertson, J. A. (Manchester) js 2v 1 1 0 
Pilkington, D. F. (Manchester) 10 Robertson, R. (Carmunnock, N.B.) .. oer. 1 1 0* 
Pillans, J. P. S. (Aden) 6 Robertson, R. K. (Dunfermline) 5 0* 
Platt, F. C. (Smethwick) 10 0* | Robins, W. H. (Stafford) 5 0 


* Annual Subscri ptions. * Annual Subscriptions. 
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Robinson, B. A. (Hexham-on-Tyne).. 
Robinson, C. (Northwood) : w 
Robinson, G. (Otley) . 

Robinson, H. J. (Agra, India) 
Robinson, P. J. (Liverpool) 
Robinson, R. E. (Letchworth) 
Rodgers, H. N. VE 

Roe, W. B. (Bengal) .. 

Roger, A. J. R. (Edinburgh) . 

Rogers, H. I. (Bath) .. is 
Rogers, W. L. A. (Modbury) . 

Roget, S. R. (London).. 

Roles, T. (Bradford) 

Roots, A. E. (Worcester) 

Roscoe, W. (Manchester) : 

Rose, L. C. (Methil, Fifeshire) i 
Rosen, J. (Newcastle-on-Tyne) T 
Rosher, N. B. (Smethwick) 

Rosling, P. (London) 

Ross, T. A. (New York) 

Rosser, G. L. (Bolton). . : 
Routledge, L. G. F. (Eastwood, Notts.) 
Rowbottom, J. R. (Blackpool) 
Rowland, W. (London) 

Royle, W. A. (Sunderland) 

Rudd, S. (Calcutta) 

Russell, J. (Alloa) : 

Russell, S. A. (London) 

Russell, S. G. C. (London) 
Saddington, C. W. (Oban) 

Sainsbury, G. W. (Birmingham) 
Salter, W. S. (Dorking) s 
Saltren-Willett, C. G. (Cardiff) 
Sampson, C. V. (La Paz, Bolivia) 
Saunders, H. S. (Yeovil) 

Savory, R. (Portsmouth) 

Sawtell, W. S. (Galashiels) 

Saycatch, J. (Bristol) .. 

Sayers, J. (Derby) - 
Scarborough, E. A. (London) 

Sclater, F. A. (London) 
Scott, E. W. M. (Jarrow-on-Tyne) 
Scott, G. J. (Norwich) E 

Scott, G. J. D. (London) 

Scott, J. S. (Shotts, N.B.) 

Scott, R. (Hamilton, N.B.) 

Scott, W. H. (Norwich) 

Scragg, F. T. (Stoke-on- Trent) 
Scriven, V. C. (London) 

Seaborne, W. (Sheffield) 

Seddon, E. (Edinburgh) vs ; 
Sedgwick, A. J. (Newcastle-on-Ty ne) 
Sellens, F. C. (Barking) 2 ; 
Selvey, W. M. (London) 

Sexton, C. E. (Redhill) 

Sexton, F. P. (Teddington) 
Shakeshaft, F. (London) 

Sharp, G. D. (Edinburgh) 

Sharpe, D. C. (Westbury) 

Shaw, H. ed je 

Shaw, J. H. (Dublin) .. 


* Annual Subscriptions: 
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Shaw, T. F. (Ilford) 

Shaw, W. H. (London) 

Sheers, W. D. (Sheffield) 

Shepherd, H. C. (Barnsley) 

Sheppard, G. (Leeds) .. 

Shilson, L. J. (Cairo) 

Shipley, J. F. (Kew) . 

Shishini, M. El (London) 

Short, E. A. (London).. 

Short, L. H. (Preston)... 

Shrimpton, H. J. D. (London) 

Shute, R. O. (Ilford) ; 
Simon, S. A. (Consett, Co. Durham) 
Simons, E. J. (Gerrards Cross) 
Simpson, F. zr (Newmarket) ait 
Simpson, G. F. (Kingston-on-Thames) 
Simpson, M. G. (Tunbridge SEA 
Simpson, S. (Leeds) 

Simpson, W. (Glasgow) 

Sims, J. W. (London) .. 

Sinclair, W. (Bristol) 

Singh, D. P. (London). . 

Singh, K. (London) 

Skelton, H. A. (Inverness) ; 
Skevington, F. K. (NewcastleconzTyrie) 
Skinner, A. C. (Stoke, Coventry) ; 
Skinner, F. G. J. (London) . 
Skinner, W. R. T. ee 
Slee, J. A. (London) ' 
Slingo, Sir William (London) .. 
Sloan, N. E. W. (Rugby) 

Small, C. E. (London).. 

Smart, H. P. (Newbury, Berks) 
Smart, J. H. (Shanghai) 

Smee, A. T. (London) .. 

Smith, C. F. (Leeds) 

Smith, D. (Glasgow) 

Smith, D. M. (Ilford) .. 

Smith, E. L. (Kilmarnock) 

Smith, E. M. (Bolton) .. 

Smith, F. S. (Cheam) 

Smith, G. (Loughborough) 

Smith, G. (Liverpool) .. 

Smith, I. S. (Spondon) 

Smith, J. C. (Montreal) 

Smith, Roger T. (London) 

Smith, S. G. (Beckenham) 

Smith, S. P. (Glasgow) 

Smith, W. C. (Sutton).. 

Smyth, C. H. (London) 

Smyth, J. McF. (Barnet) 

Snell, A. T. (London) 

Snell, Sir John (London) 

Snoxell, R. E. W. (Bedford) .. 
Solomon, H. G. (London) 

Solomon, T. H. (London) 

Sothers, H. V. (London) m 
Souden, F. H. (Newcastle-on-Tyne) .. 
Southern, J. H. (Redcar) 

Sowter, G. A. V. (London) 

Sparkes, T. (London) .. 


| * Annual Subscriptions 
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Sparrow, L. F. (London) 

Spiller, R. F. (Swansea) . 
Spindler, A. H. (Manchester) . 

Spratt, H. G. M. (Birmingham) 
Stacey, C. J. (Manchester) a 
Stainsby, J. W. (Hexham-on-Tyne) .. 
Standring, I. W. (Staines) ae 
Stansfield, J. B. (Wrexham) .. 
Stanton, H. B. (Birmingham) 

Steele, W. H. (Llantwit Vardre) 
Stephens, J. H. (London) 
Stephenson, R. M. (Birmingham) 
Stevens, F. G. (Birkenhead) .. 
Stevenson, G. E. (Orpington). . 
Stewart, B. G. (Maidenhead) .. 
Stewart, C. (London) .. 

Stewart, I. D. (Edinburgh) 

Stocken, E. C. (Lingfield) 

Stokes, H. P. (Plymouth) 

Storr, J. E. (Leeds) 

Storrar, J. H. (Wigan) 

Stott, J. C. (Rochdale) 

Streatfeild, The Rev. R. H. (Sevenoaks) 
Stredwick, S. B. (Dar-es-Salaam) 
Stretton, L. W. (London) 

Strong, A. E. (Hinckley) 

Stroud, H. (Newcastle-on-Tyne) 
Stubbs, A. J. (London) 
Sturman, E. A. (London) 
Sullivan, Messrs. H. W., 
Sully, H. T. (Bristol) - 
Sutton, Sir George (London) .. 
Swale, W. E. (Stoke-on-Trent) 
Swann, H. W. (St. Albans) 

Swift, H. B. (London) 

Swinton, A. A. C. (London) 

Swire, W. H. T. (Dundee) 
Tankosai, W. (London) 

Tapper, W. C. P. (London) 
Targett, J. H. (Llanrwst) 

Tasker, E. E. (Brentwood) 

Tatlow, W. (Dublin) 

Tattersall, A. E. (York) : 
Taylor, A. M. (Birmingham) .. 
Taylor, D. B. (London) 

Taylor, F. W. (London) 

Taylor, H. E. (Chelmsford) 

Taylor, H. W. (Rugby) 

Taylor, H. W. (Stroud) 

Taylor, J. D. (Edinburgh) 

Taylor, J. E. (Reading) 

Taylor, J. L. (London) 

Taylor, J. R. (Uddingston, N. B.) 
Taylor, W. G. (London) 

Teago, F. J. (Liverpool) us 
Tennant, N. S. (Hexham-on-Tyne) 
Terroni, T. B. D. (London) 
Thomas, E. (Swansea)  . 

Thomas, H. J. S. (Middlesbrough) 
Thomas, J. Dabo LUN 

Thomas, J. H. (London) 


Ltd. 


* Annual Subscriptions. 
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Thomas, L. (Glasgow) 

Thomas, T. R. (Cardiff) 

Thomas, T. S. (Bargoed) até 
Thompson, C. W. (West Hartlepool) - 
Thompson, E. A. (Stalybridge) 
Thompson, F. S. (Barnstaple) 
Thompson, N. A. (Boulin H.P. France) 
Thomson, J. S. (Dunfermline) 
Thomson, G. (Glasgow) 

Thornton, C. (Prescot) 

Thornton, N. (Newcastle-on- Tyne) 
Thornton, W. M. (Newcastle-on-Tyne) 
Thorp, E. W. (Birmingham) .. - 
Thorpe, W. B. (London) 
Thurman, A. T. (Birmingham) 
Tiffin, J. E. (Skewen, Glam.) .. 
Topham, R. G. (Harrogate) 
Topliss, M. J. (Grimsby) 

Tozer, R. J. M. (Coulsdon) 
Travers, A. (Thornton Heath) 
Travis, W. (Southport) 

Tremayne, H. W. (Ilford) 

Trench, A. H. C. (Camberley) 
Trench, R. C. (Bulford Camp) 
Trent, H. E. (Lansdowne, Pa.) 
Trewman, H. F. (London) 

Tucker, J. P. (Rotherham) 
Turner, H. (Hyde) 

Turner, J. W. (London) 

Turney, T. H. (Liverpool) 

Turpin, A. E. (Ishapore, India) 
Tyack, F. G. (London) ; 
Ullrich, E. H. (London) 
Underdown, A. E. (London) .. 
Underwood, R. H. (Richmond) 
Valentine, P. W. S. (Caterham) 
Varley, R. (Birkenhead) 

Vaughan, C. J. (Birmingham) 
Veale, F. L. (London) 5 
Vice, J. A. (Upminster) i 
Vigoureux, J. E. P. (Teddington) 
Vincent, S. C. (Nottingham) .. 
Vines, A. (Richmond) .. bs 
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SOME NOTES ON DESIGN DETAILS OF A HIGH-POWER RADIO- 
TELEGRAPHIC TRANSMITTER USING THERMIONIC VALVES. 


By R. V. HansForp, D.Sc., Member, and H. FAULKNER, B.Sc., Associate Member. 


(Paper first vecet.ed 23rd October, and in final form 11th November, 1926; read before the WIRELESS SECTION 
Ist December, 1926.) 


SUMMARY. 


The paper deals with certain specific details of design and 
operation of the high-power valve transmitter installed at 
Rugby radio station, and is divided into six parts. 

Part I discusses the arrangement of the coupled aerial 
circuit of a valve transmitter, and shows that certain 
circuits have considerable advantages over others in respect 
of the elimination of harmonics. 

Part II indicates the considerations which govern the 
choice of the electrical proportions of the intermediate and 
aerial circuits, simple formula being given for the calculation 
of the different quantities involved. 

Part III deals with the question of the design of large 
inductance coils, and compares measured valucs of the high- 
frequency resistance of certain coils with the calculated values. 

Part IV contains some notes on valve-circuit design, 
compares two conditions of operation of a valve transmitter 
and gives an analysis of the present operating condition at 
Rugby. The comparative operation of valves in low- and 
high-power transmitters is also discussed. 

Part V gives oscillograms of the shape of signals emitted 
when using different kcying arrangements, and indicates the 
improvement obtained in certain cases. The transients due 
to keying are discussed briefly also. 

Part VI gives the results of recent signal measurements 
and a schedule of readings under present normal working 
conditions. 


A paper on the Rugby radio station has been read 
before the Wireless Section by Mr. E. H. Shaughnessy * 
and includes a full description of the valve transmitter 
at that station. 

The present paper discusses several specific points 
in regard to the radio-telegraphic transmitter from the 
point of view of engineering design, and consists of six 
more or less independent sections, the subject matter 
of which was considered by the authors to be illustrative 
of phases of the technique of radio transmission suitable 
for discussion before the Wireless Section. 

The six parts are as follows :— 


(I) Consideration of the most suitable type of aerial 
circuit, from the point of view of the elimination of 
undesirable harmonic emissions. 

(II) The design of the electrical proportions of the 
aerial circuit: l 
(III) The inductance coils for the aerial circuit. 
(IV) Some notes on valve circuit design. 
(V) Keying and shape of signals. 
(VI) Recent results at Rugby. 


* Journal I.E.E., 1926, vol. 64, p. 683. 


PART I. 


CONSIDERATION OF TYPE oF COUPLED AERIAL CIRCUIT, 
FROM THE POINT OF VIEW OF THE ELIMINATION 
OF UNDESIRABLE HARMONIC EMISSIONS. 


The principal circuit questions to be decided as regards 
the type of coupled circuit to be used with a valve 
transmitter are :— 


(1) The method to be adopted to adjust the impe- 
dance of the anode circuit so that the necessary 
variation in anode voltage is obtained (com- 
monly referred to as '' anode tap ""). 

(2) The method of coupling to the aerial, i.e. whether 
inductive or capacitative. 


These points will be dealt with by reference to 
Fig. 1, the circuits of which will be referred to as types 
A, B, C, D, and E respectively. 

It is shown in an Appendix that the use of a 
condenser rather than an inductance as the ''anode 
tap" reactance brings with it a reduction of the 
harmonics in the aerial in the ratio of m? for the mth 
harmonic; that is, types B and D are m? better than 
types A and C respectively. 

The same argument applies to the question of coupling 
to the antenna; this means that, as regards the 
undesirable emission of harmonics, type E circuit is 
m? better than type D, and therefore, m* better than 
type C. The best circuit from the point of view of 
harmonic emissions is, therefore, that shown as type E 
with capacitative coupling to both anode and aerial. 

In practice, however, when designing a circuit for 
an aerial not yet erected and of which the resistance 
and capacity are not known accurately, it would be 
expensive to provide a range of condenser values for 
both anode and aerial couplings which would cover all 
the wide and sensitive variations required during the 
experimental period of tuning and adjustment. If, as 
a first step, a condenser with a coarse adjustment is 
provided for the anode coupling, and a continuously 
variable inductive coupling to the aerial, all necessary 
adjustments for the preliminary testing can be made 
with facility ; when the constants of the aerial circuit 
are known and the preliminary tuning has been com- 
pleted, the transition from type D to type E can be 
made comparatively easily and inexpensively, should 
this prove to be expedient. 

The improvement as regards the undesirable emission 
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of the mth harmonic for any type of coupled circuit 
includes the expression 


B9, 


Din id where p = ] — 1/m? ; . (1) 
a 


For the higher harmonics f approaches unity and 
the expression 


TÓ, 
9104 + Wek e . e e . (2) 
7T 
= Gee. ee tO 


may be taken as a measure of the “improvement 
factor" of the coupled circuit as such, which factor 


Fic. 1.—Types of output circuit. 


must be multiplied by a power of m, depending on the 
nature of the couplings. 

Considerations of efficiency demand that the losses 
in the aerial inductance should be low and that the 
radiation efficiency of the aerial should be as high as 
possible. Hence, so far as consideration of the ''im- 
provement factor’’ for a given aerial system and 
frequency of transmission is concerned, 6, is fixed: 
it follows from the formula that the “improvement ” 
can only be increased by decreasing k and/or 8,. The 
formula thus shows the desirability of reducing 8, to 
a minimum by building the most efficient coil possible 
and by providing low-loss condensers. 


PART II. 


THE DESIGN OF THE ELECTRICAL PROPORTIONS OF 
THE COUPLED AERIAL CIRCUIT, 


We have taken as our basis a type D circuit as fitted 
at Rugby. 

Mwl 

Then I, = =l 


ie (4 


Total power put into intermediate circuit 


2 
= Ift) 


= 28,3, + «ti 2. . 4. 
a 


since 


L 
(Rep) = T SS S... 
7a [see Appendix.) 


(6) 


Total aerial power = I7R, 
adl uel. oe. we 1) 


.. Efficiency of coupled circuit 


Tek? 
n) = 04184 + are k2 j 


which is equivalent to the usually accepted formula. 
Examination of this formula and that previously 
given in equation (2) for the ‘‘ improvement factor " of 
the coupled circuit shows that the efficiency and the 
“improvement factor ” of the coupled circuit are both 
independent of the ratio of inductance to capacity in 
the intermediate circuit except in so far as the choice 
of this ratio may affect the value of 6;. Therefore, 
since with a given coefficient of coupling k both these 
expressions are dependent on ò, the problem from 
both points of view is to design an intermediate circuit 
of minimum decrement consistent with reasonable cost. 
Within the inductance limits imposed by practical 
considerations the decrement of a well-designed coil 
for the intermediate circuit can be assumed to be 
practically independent of the value of the inductance, 
and it is desirable for reasons of voltage and cost* 
that the value of inductance chosen should be as low 
as is consistent with design considerations. The mean 
value of inductance chosen for the intermediate circuit 
at Rugby from these considerations was 500 uH. 
From (8) we get 


(9) 


d 91047) 10 
r= (eet) . 20. . Q0 


From (2) and (9) we get a new expression for 
'* Improvement factor of coupled circuit ” 


and hence 


2x co o NE (1 


* E. H. SHAUGHNESSY, loc. cit. 
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and from (6) and (9) we get an expression for the 
effective resistance of the intermediate circuit, viz. 


Ry. n wld, 
T(l— 7) 
If P, represents the aerial power 


P 
Thee 
= 


: c.L1019 


and the kVA of the intermediate circuit 


(12) 


from which 


(13) 


Pan(l-— 7) 
= ——M———— . . . . (14 
7 (14) 


z 
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9 
-— 
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3 8 ho 
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€———PÓdé30- ee 0-94 0-96 0-98 1-0 
Efficiency 


Fic. 2. 


For the purpose of preliminary design calculations 
the following assumptions were made: 


f = 16 650 cycles per second. 
Aerial power = 500 kW. 
Assumed best decrement of intermediate circuit 
= 0-004. 
Assumed maximum resistance of aerial = 1 ohm. 
Value of inductance of_intermediate circuit 
= 500 uH. 


Using these values and the formule given above, 


the following quantities have been plotted in Fig. 2 
against '' Efficiency of Coupled Circuit.” 


(1) “ Improvement factor.” 

(2) Power lost in intermediate circuit. 
(3) Current in intermediate circuit. 
(4) kVA of intermediate circuit. 

(5) Coefficient of coupling. 


It is to be noted that with the assumption of constant 
aerial power the first four of these curves are inde- 
pendent of ð. A study of these curves enables a com- 
parison to be made of the variation in cost of the 
intermediate circuit for varying values of the '' improve- 
ment factor," since it can be taken, other things being 
equal, that the cost of the intermediate circuit is 
roughly proportional to its kVA, except at the higher 
voltages where the cost increases rather more rapidly 
than the kVA. 

At this stage of the design, the problem becomes one 
principally of economics, bearing in mind the fact that 
it is for the lower harmonics (say 2nd and 3rd) that 
the ' improvement factor" of the coupled circuit, as 
such, is of great importance, since the m? (or m*) term 
becomes predominant for the higher harmonics. 

After making estimates of costs it was decided that 
an '' improvement factor " of about 40 appeared to be 
reasonable for Rugby, and it was decided to design the 
circuit for a mean efficiency of 95 per cent, giving :— 


Improvement factor — 41 
Current in intermediate circuit — 630 A 
Power lost in intermediate circuit — 26 kW 


Coefficient of coupling (8g = 0:01) = 0-0088 
Coefficient of coupling (a = 0:015) = 0-0107 
The mutual coupling (.M) required between the aerial 
and intermediate circuits 


= k4/ (LıLa) 


= AG 4 "i P . LLa) [from (10)] 


R 
= AGAS) 

1 — 7 7 27 
The extreme maximum and minimum values of M to 
be provided can now be calculated from the possible 


limits of the various factors, and these are given in 
the following schedule :— 


(18) 


Minimum M Maximum M 


7) 0-93 0-97 

01 0-003 0-01 

Ra 0:75 ohm 2-5 ohms 
f 25 000 cycles 15 000 cycles 
Lı 500 pH 600 uH 
M 5:5 uH 40 uH 


The range of mutual inductance required is therefore 
from pH to 40 pH, which was provided by the use 
of a moving coil of 40 pH coupled direct to the inter- 
mediate circuit inductance. 

It remains now to fix the value of the “ anode tap ” 
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condenser in order to complete the design of the 
intermediate circuit. The circuit must be proportioned 
so that the high-frequency voltage set up across the 
anode circuit by the flow of the feed current (ij) is 
such as will ensure full output at a reasonable efficiency 
of conversion in the valves. In making the calculations 
it was assumed that when using a d.c. voltage supply 
of 10000 V the minimum value of anode voltage 
under oscillating conditions would be 1 000 volts, this 
figure having been proved experimentally to be a 
reasonable value. 

A simple formula for the value of the anode tapping 
condenser can readily be derived if it be assumed that 
the current in the inductive branch of the circuit is 
equal to that in the capacitative branch, ie. that the 
eífect of the resistance can be neglected. The actual 
difference between these currents in the transmitter at 
Rugby is less than 3 per cent, and since the final 
adjustment of the circuit is obtained by experiment 


Bank C. Total capacity «2-04F 
Two units of t OuF each 


in parallel 
00000 


10000V Power 
D.C supply units 8 


Bank B. 
Total capacity 21-05 F 
Eleven units in parallel 
10 of 0- ACE and 
1 of 0-05 2F 


Bank A 
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which is a convenient formula for design purposes, 
where 

Po = output power from power amplifier, 

F = “ improvement factor.” 

From this formula, values of Co can be calculated for 


the probable extreme conditions, as shown in the 
following schedule :— 


and 


Po 540 kW 270 kW 

J 15 000 cycles 25 000 cycles 
L 600 pH 500 pH 

F 40 40 

Co 1-03 pF 0-37 uF 


Provision was made for a bank of condensers con- 


=> L,=400-600H (>= 900-4 000 xH 


— 3 hexagonal 5 hexagonal 
<=> spiders Spiders 
7ft.0in.side 7{t.9in.side 


Total capacity = 0-25F 
Ten units 0-0254F each in parallel 


Fic. 3.—Coupled aerial circuit, 


this error is negligible in a formula for design pur- 
poses. 
If Vo = d.c. voltage applied to anode ; 
V, = minimum value of anode voltage when 
oscillating ; 


and Co = capacity of '' anode tap " condenser ; 


the high-frequency voltage (R.M.S.) across the output 
circuit 


Vo — V, 
LL 43. 
I 
EX o. 
= J al — 7 | [from equation (13)] 
w3 L81001 
and hence 


o = a sar p 2P,(1 — "yr LE o (16) 
LED Vo — V4)? 7) 

which is a suitable formula for adjustment purposes. 
This can be easily transformed by substitution into 


] PoF 
Gx EN 0 
2(Vo x V) 


AL a 


sisting of 10 units of 0-1 uF each, plus one unit of 
0:05 uF (bank B, Fig. 3). The range of values of 
condenser required for bank A (Fig. 3) can now 
readily be calculated from the known limits of fre- 
quency, the value of the inductance and the values of 
bank B as calculated above. 

All these high-frequency condensers were tested at 
the manufacturer’s works in accordance with a detailed 
specification, the principal points of which were as 
follows :— 


(a) That they should have a power factor not greater 
than 0:00025. This test was carried out as 
follows :— 

Two complete condensers were erected in 
similar situations in the manufacturer's test- 
room. One condenser was operated under high- 
frequency conditions at full specified load and the 
surface temperature of the oil carefully recorded. 
The other was heated by means of a well- 
distributed resistance through which a direct 
current was passed such that the power dis- 
sipated was equal to that corresponding to the 
guaranteed power factor of the condenser. 
The temperature-rise of the oil in this tank was 
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carefully noted. A full-load run of 8 hours’ dura- 
tion was made and curves of temperature-rise 
were plotted against the time. The condenser 
was accepted if the curve for the condenser 


tested under high-frequency conditions did not. 


rise above that for the calibration condenser. 
A typical test curve is shown in Fig. 4. 

(b That each condenser should be given a low- 
frequency voltage test of double the normal 
high-frequency voltage plus 1 000 volts. 

(c) That the capacity should be within + 2 per cent 
of the specified capacity, and that it should be 
the same before and after the two tests men- 
tioned above. 


8 
. 
bb 
U 
"3 
A 
T 6 
= 
= 
e 
Da 
a. 
S 
E 4 
2 
0 


4 
Time, in hours 


Fic. 4.—Power factor test curves of condenser. 


ad on condenser under C.W. test:—H.F. Current=S82 amps.; H.F. 


vol == 31 600 volts; frequency=16 600 cycles per sec. 
D.C. load on calibration tank :—Current= 2°70 amps. ; voltage-240 volts; 
power loss corresponding to power factor of 0000250646 watts. 


Condenser design is very materially simplified and 
the cost correspondingly reduced if one of the terminals 
is kept atearth potential. This fact led to the decision 
to use parallel units rather than series units for the 
condenser banks, the decision being assisted by the 
particular design of the inductance coil which permits 
small variations of inductance to be readily obtained. 

It had been proposed in the first instance to dispense 
entirely with the anode blocking condenser (bank C, 
Fig. 3) but it was found to be more economical to 


801 


provide a suitable blocking condenser designed to with- 
stand the d.c. voltage only, than to increase the dimen- 
sions of the high-frequency condensers (banks A and B, 
Fig. 3) to withstand both the d.c. and high-frequency 
components of the voltage. An inductance coil in 
series with a resistance, so proportioned as to make 
the circuit non-oscilatory, is connected across the 
anode tap condenser to ensure that practicaly the 
whole of the d.c. voltage is taken by the blocking 
condenser. 

The consequent electrical design of the complete 
aerial circuit is given in Fig. 3. 


PART III. 


INDUCTANCE DESIGN FOR HIGH-POWER RADIO 
TRANSMITTERS, 


There are three main points to be decided in con- 
nection with the design of a transmitting inductance, 
namely :— 


(1) The size and type of conductor. 
. (2) The method of supporting the conductor. 
(3) The method of providing the necessary variation 
of inductance. 


The design of the inductance at Rugby was based 
on the experience gained at Northolt, where the 
necessity for the provision of a substitute for a large 
copper-tube inductance which had a very high resistance 
led to the manufacture by the Post Office Engineering 
Department of its first large stranded-wire inductance. 

The construction of this inductance at Northolt gave 
us some interesting information in regard to the 
necessity for efficient insulation of the stranding of the 
cable used as the conductor. 

The conductor used for this first inductance was a 
cable consisting of 729 strands of No. 33 S.W.G., each 
strand being insulated with enamel. The cable as 
manufactured, however, was very imperfect in respect 
of the efficiency of the insulation between strands, all 
the wires when tested appearing to have contacts in 
many places distributed throughout the cable. It was 
decided to make an inductance of the faulty cable as 
an experiment, and the resistance of the completed 
inductance constructed of this bad-quality cable was 
measured accurately for various frequencies. Curve AA 
(full line) of Fig. 5 is the decrement curve with varying 
frequency so obtained for one setting of the spiders 
forming the coil. The rise of decrement with frequency 
is very marked. 

An attempt was then made to calculate the effect 
of bad stranding on the decrement of the coil by means 
of the formule of Mr. Butterworth.* These formule 
do not cover the case of widely spaced turns in a deep 
winding space equivalent to the coil formed by the 
spider construction adopted, but it was felt that 
they would apply sufficiently well to indicate the effect 
of changes in design on the efficiency of the coil so far 
as the conductor losses are concerned. 

The dotted curves of Fig. 5 give the results of 
calculations, and are the calculated decrement curves 
for an inductance wound and spaced similarly to the 


* Philosophical Transactions of the Royal Society, A, 1931, vol. 232, p. 57. 
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actual inductance as measured for the curve AA. The 
curves are drawn, however, for a varying number of 
strands in the conductor, from 729 down to a single 
solid wire, on the assumption that the total cross- 
sectional area remained equal to that of 729/33. It 
was thought that these curves would give some idea 
of the effect of varying degrees of inefficiency in the 
insulation of the stranding. It is interesting to notice 


0-012 


Decrement 
eo 
eo 
e 
œ 


Frequency, in kilocycles per second 


Fic. 5.—Comparison of calculated and actual decrements 
of coil at Northolt radio station—4 spiders, 10 turns 
per spider; inductance approximately 2 500 uH. 


that the shape of the decrement curve as measured 
has the same “ ladle-like’’ shape as the calculated 
curve for 81 strands. It was predicted from these 
curves, therefore, that the decrement curve of a coil 
constructed of good-quality stranded wire, as com- 
pared with curve AA, would be flatter, have a lower 
minimum, and the minimum would be at a higher 
frequency than that of AA. 

An identical inductance was then constructed but 
with a stranded cable which had been carefully tested 
and found to be free from contacts between the strands. 
The decrement curve of this new coil as measured after 


construction is given by curve BB (full line) of Fig. 5, 
and it wil be noticed that the shape of this curve is 
in accord with the above conclusions drawn from 
theoretical considerations. The inductances at Northolt 


are in a very restricted space and very close to two 


walls. A closer agreement between the actual and 
theoretical decrement curves cannot therefore be 


Decrement 


Lio 
8 10 


Diameter of a single strand, in thousandths of an inch 


Fic. 6.—Variation of calculated decrement of a large 
inductance with the type of cable used—4 spiders, 
8 turns per spider; external diameter of outside turn 
= 15 ft. 9 in. 


expected, as it will be realized that in the case of very 
large coils of low decrement such as are being con- 
sidered, dielectric and eddy-current losses in the 
supports and surroundings form an appreciable pro- 
portion of the total losses which is not allowed for in 
theoretical calculations. 


Decrement 


120 140 160 180 200 220 240 
Mean radius of coil, in centimetres 


Fic. 7.—Variation of calculated decrement of a large 
inductance with diameter of inductance—4 spiders; 
inductance approximately constant at 2 920 uH. 


These results gave confidence in the method of 
calculation. for comparative design purposes, and it 
was decided to base the design of the inductances at 
Rugby on the results of similar calculations. 

The first step in the design was to find the maximum 
number of strands which it was practicable to utilize, 
and inquiries elicited the fact that 6 561 strands was 
probably the limit of the manufacturing plant in this 
country. Also it was felt that spiders of about 16 feet 
in diameter were as large as could be conveniently 
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handled without making the entire structure unduly 
heavy 


Curve AA of Fig. 6 shows the variation in the 


0-0020 


0-0015 | 
c 

~ ect 
" \Seasured 2-7 
c 
[ = 
E 0-0010 
[^ 
c t only?) 

.0 

a Iculated |decrement (AT. 


0-0005 


0 = 


5 10 15 20 25 
Frequency, in kilocycles per second 


Fic. 8.—Comparison of measured decrement with calculated 
decrement of the aerial tuning inductance at Rugby 
radio station. 


calculated decrement at a frequency of 16 650 of an 
inductance of 15 ft. 9 in. external diameter, constructed 
of a cable having 6 561 strands, as the diameter of the 
individual strands is varied. Curve BB is a similar 
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use 6 561 strands of No. 36 S.W.G. The fact that the 
calculated decrement is more than doubled by an 
increase in the diameter of the strand from No. 36 to 
No. 32 is of interest. 

Fig. 7 shows the variation in calculated decrement 
with variation of external diameter of an inductarice 
formed of a cable of 6 561 strands of No. 36 S.W.G., 
the shape of the inductance and the number of spiders 
being kept constant. It will be seen that the curve 
is flattening out for diameters greater than that selected 
from practical considerations for the calculations of 
Fig. 6, and that any advantage to be gained by an 
increased diameter would probably not compensate for 
the increased practical difficulties. 

The full curve of Fig. 8 is the calculated decrement 
curve with varying frequency for the coil as designed 
with 6 561 strands of No. 36, the extreme diameter of 
the outside turn being 15 ft. 9 in. The dotted curve 
is the measured decrement curve of the actual inductance 
as completed to this design and fitted at Rugby, together | 
with a coupling coil. Bearing in mind the steep slopes 
of the curves of Figs. 6 and 7, and that losses in the 
framework and the surroundings must account for a 
proportion of the resistance of the coil, the agreement 
between the calculated and actual decrement curves, 
especially as regards shape and the existence of a 
minimum between 10 000 and 20 000 cycles per second, 
was considered to be very satisfactory in view of 
previous experience of the difficulties involved in 
obtaining agreement between calculated and measured 
values of the resistance of large inductances. 

Before finally choosing the conductor of 6 501/36 


| Adjusting screw 


~ Beams across 
inductance room 


Fic. 9.—General arrangement of aerial tuning inductance. 


curve for a cable of 2187 strands. A comparison of 
these two curves shows the advantage of using 6 561 
strands as compared with 2187 strands. Curve AA 
indicates that it is desirable that the diameter of the 
strands, if a cable of 6 561 strands is used, should be 
of the order of 0-007 in. It was decided therefore to 


an estimate was made of the current-carrying capacity. 
It was desired, on account of the nature of the frame- 
work, that the heating of the cable when fully loaded 
should not be excessive. Experience with the coil 
installed at Northolt showed that a dissipationW of 
1 watt per square inch of surface of the cable (assuming 
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that all the losses in the coil were dissipated in this 
way) resulted in a very reasonable rise in temperature, 
and this value was therefore taken as a basis. 

From consideration of the calculations previously 
referred to, it was assumed for the purpose of this 
calculation that a maximum decrement of 0:003 could 
be anticipated. This corresponds to a resistance of 
approximately 0-16 ohm at 16000 cycles using the 
full aerial, and on the above-mentioned basis the coil 
would be capable of carrying 700 amperes, which 
represented full-load output on the assumption of 
1 ohm total resistance of the aerial circuit. As actually 
used the coil has a decrement of 0-0014 and the rise 
of temperature at the surface of the cable after a run 
of one hour at 750 amperes is only 5 degrees C. 


To inside XQ 
of next coil 
eae, 


The actual construction adopted for the inductance is 
shown in Figs. 9 and 10. The conductor is wound on 
the radial spokes of '' spiders ’’ of American whitewood, 
and a continuous variation of inductance is obtained 
by the relative movement, concertina-wise, of these 
spiders on a framework, also made of American 
whitewood. 

It will be seen that each “ spider ” consists of spokes 
fastened, to a central hub which is provided with box- 
wood rollers in order to facilitate its movement along 
the supporting beams. The spokes are slotted, the 
slots being provided with saddles and wedges. The 
saddles and slots are curved, so that no undue stress 
is placed on the cable at the supporting points. The 
wedges are provided in order that the turns of the coil 


Cover ptece 
removed 


To outside 
of next coil 
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Saddle 
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Method of fixing 
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Fic. 10.—Detail of spider of aerial tuning inductance. 


An exacting specification was prepared for the 
stranded wire cable, and it speaks well for the British 
cable manufacturers that, although no such cable had 
been manufactured previously in this country, two 
separate firms, namely, Messrs. Henleys Telegraph 
Works Co., Ltd. and Messrs. Connollys, Ltd., eventually 
produced considerable quantities of cable which fulfilled 
the specification in all respects. The efficiency of the 
insulation of the stranding was in each case more than 
99 per cent. 

Dielectric losses in the framework on which the 
conductor is supported may be responsible for a con- 
siderable proportion of the resistance of a transmitting 
inductance, and American whitewood has proved itself 
to be very suitable for the construction of such a 
framework. * 


* E. H. S aucunessy : Chairman’s Address to the Wireless Section, Journal 
I.E.E., 1925, vol. 63, p. 60. 


may be tightly gripped by the saddles and the sides of 
the slot, thus ensuring intimate contact between the 
cable and the framework. This arrangement serves 
two purposcs. It assists construction by enabling the 
coil to be wound with a good tension and to be definitely 
held in position length by length as it is wound, and, 
secondly, it prevents the burning which occurs under 
high-frequency voltage conditions if the cable rests only 
lightly upon its supports. This burning arises from the 
fact that, as the wood has a higher permittivity than 
the air and these dielectrics are in series, the voltage 
gradient across the latter may be greater than across 
the former. As the air has less dielectric strength, local 
breakdown across the small air-gap will very easily 
take place, and this sparking from the cable covering 
to the wood may cause both to smoulder or burn. 
Stiffening pieces were joined across the ends of the 
spiders while being wound, to prevent any distortion of 
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the spokes due to the tension applied. The turns were 
pulled up by means of a clamp and a calibrated spring 
ratchet. It will be seen that the end spider is fitted 
with a wood screw by means of which a very fine 
adjustment of inductance can readily be obtained. 

An important factor that had to be taken into con- 
sideration in fixing the proportions of the coil was the 
possibility of voltage breakdown. 

This may occur (a) between turns, (b) between, spiders, 
(c) to earth or surrounding objects. 

(a) For purposes of design, a maximum R.M.S. 
voltage of 200 000 V was assumed. Between adjacent 
turns the voltage to be allowed for was comparatively 
low, being approximately 7 000 V, on the assumption of 
4 spiders and 8 turns per spider. As there was no 
question of voltage breakdown across the air-gap in this 
case, it was only necessary to consider the dielectric 
strength of the framework from the high-frequency 
point of view. The test previously adopted as the 
standard to be applied to selected test-pieces of the 
wood used for inductance frameworks, etc., consisted of 
the application of 32 000 volts at high frequency across 
a sample 1 in. square and 4 in. long. No trouble had 
been experienced in obtaining whitewood which would 
withstand this test, and a minimum distance of 4 in. 
between turns was decided upon, thus giving a factor 
of safety of 5 to allow for variations in humidity and 
quality of the wood. 

(b) The dielectric to be considered between spiders 
was air, with the exception of a short length of the 
supporting framework, and on the same assumptions 
the maximum voltage to be allowed for was 100 000 V. 

The basis used in this case was that a factor of safety 
should be allowed upon the voltage at which visible 
corona would appear. This voltage was calculated 
from the expression * 


0-301 
> )r loga? x 2x 0:72 


e = 21-2(1 + 


r = diameter of conductor = 1-75 in. ; 
8 = distance between conductors ; 
e, = visible corona voltage. 


where 


A multiplying factor of 0:72 was’ allowed, on account 
of the use of stranded wire, and a factor of safety of 
2 was allowed on the voltage. 

This calculation gave a minimum spacing of 10 in., 
and the spiders were actually arranged for a minimum 
spacing of 1 ft. 

(c) Similar calculations gave 10 ft. as the minimum 
distance that the high-frequency cable should be from 
earthed conductors of similar dimensions. 


Part IV. 
NOTES ON VALVE CIRCUIT DESIGN. 


The fundamental factors distinguishing different types 
of valves are :— 


(1) The voltages which the valve will withstand. 
These determine the rated h.t. d.c. voltage for 
which the valve is suitable. 


* F, W. Perk: 


‘* Dielectric Phenomena in High Vol ; ast oe 
pp. 40 and 71. igh Voltage Engineering, 


(2) The maximum emission current from the filament 
when used at the rated filament voltage. 

(3) The life of the valve when used under its rated 
conditions. 


The actual design of the electrical proportions of 
the anode and grid circuits of a high-power valve trans- 
mitter is a question of the application of experimental 
data obtained by suitable tests with one or more valves 
of the type it is proposed to use. The design consists 
in proportioning the electrical constants of the circuits 
so that the voltage-swings previoüsly proved to be 
satisfactory with one valve are reproduced in the high- 
power transmitter. 

Experiments which were carried out on a 30-kW 
installation at the Northolt radio station, using the 
valves proposed for use at Rugby, showed that there 
were two extreme conditions of operation which 
appeared to give almost identical results in so far as 
output and efficiency were concerned. These two con- 
ditions of operation were very different as regards the 
grid and anode voltages required, the grid a.c. voltage 
and the negative grid bias being very much greater 
in the first case than in the second. The difference is 
well illustrated by the following figures, which were 
obtained with the same valve used in the same installa- 
tion but with the conditions of the circuit only slightly 
altered. 


Case I Case II 

D.C. voltage 10 000 V 10 000 V 
D.C.current  .. 1:39 A 1:41A 
Grid a.c. voltage (R.M. S. 2 000 V 880 V 
Grid bias ‘ i 1 330 V 164 V 
Mean grid current 0:19 A 0:082 A 
Oscillating current 28 A 28-1A 
High-frequency output 

(R = 13-3 ohms) 10:4 kW 10-5 kW 


Efficiency 74-8 per cent | 74:5 per cent 


It will be seen that in the two cases the input and 
output are practically identical, although the conditions 
of operation are widely different. 

The performance of a power valve oscillator or 
amplifer as regards output and efficiency depends 
principally upon :— 


(a) The shape of the pulse of anode current ; 
(b The corresponding variation of voltage on the 
anode ; 


and the two cases quoted above correspond to two con- 
ditions of operation which it is proposed to illustrate by 
the consideration of two theoretical cases as follows :— 


Case I.—The anode current has a peaky shape, 
assumed in the example to be a half sine-wave from 
which a third harmonic of one-third the amplitude is 
subtracted. (Case I, Fig. 11.) 

Case II.—The anode current has a double-hum ped 
shape instead of a peak, assumed in the example to 
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be a half sine-wave to which a third harmonic of 


one-third the amplitude has been added. 
Fig. 11.) 


(Case II, 


CASE I 
Anode volts 


CASE I 
Anode volts 


O 
Filament potential 


Grid volts Grid volts 
Negative Filament Negative Filament 
ias tential bias potential 
= 
Anode current Anode current 


ii (sinO-%sin30) ¿=i (sin 6+% sin 36) 


T di sin 6 : ^w 
` 
\ 
Fic. 11. 
We then get 
Case I. i, = «(sin ĝ — 4 sin 30) 


l T 
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Loss in valve can be taken as approximately 


+ | i(sin 0 + $sin 30)(vo — vı sin 040 
27 J0 


= 10 Vv) 
^ 9T 4 
Output = div, 
Or ti 
Efficiency = —- — 
bid 40 vo 


In comparing these two cases it must be borne in 
mind that for case I a high peak of anode current will 
necessitate a higher minimum anode voltage than for 
case II. Taking the minimum anode voltage, i.e. Vo — Vy, 
as being 2 500 V for case I and 1 000 V for case II, we 
get the following calculated efficiencies :— 


Case I 66 per cent 57 per cent 
Case II 64 per cent 61 per cent 


But more important than the question of efficiency is 
the factor of maximum anode current required. In 
case I the peak value of the anode current is nearly 
5 times the mean current, whilst in case II it is only 
3 times the mean. The efficiencies obtained in actual 
practice are rather higher than these calculated values 
for both case I and case II, but the calculations indicate 
the nature of the difference between the two methods of 
working. 

It seems to be generally accepted in this country 
that the best and most efficient method of operating a 
telegraph valve transmitter is in accordance with 
case I, but the experience of the authors indicates that 
with a high-power transmitter using a large number of 
valves it is preferable to work with an anode current 
of the shape of case II. 

An approximate analysis of the present normal work- 
ing of Rugby radio station, which is an example of 
operation in accordance with case II, has been carried 
out and is given below. The data required to analyse 
the conditions which obtain in any particular arrange- 
ment of valve transmitter are as follows :— 


(a) The d.c. anode voltage. 

(b The high-frequency component of the anode 
voltage. 

(c) The high-frequency grid voltage. 

(d) The mean negative potential of the grid. 

(e) Characteristics of the valve to be used. 


The characteristics required for a comparative analysis 
of various methods of working are unfortunately not 
easily obtained, as they should extend into the region 
of positive grid potentials of about 2 000 volts relative 
to the filament; this entails excessive power dissipation 
from both grid and anode when using the normal 
testing methods. 

The characteristics shown in Figs. 12 and 13 were 
obtained by means of an oscillograph, the arrangement 
of the testing circuit being such that high positive grid 
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voltages were applied periodically for a short length of 
time only. Unfortunately, limitations of time and 
apparatus did not permit a fullset of curves to be taken, 
but the characteristics obtained permit an analysis of 
the existing conditions at Rugby. 

The following schedule gives a summary of the 
analysis and also indicates the method by which this 
was carried out. Similar methods have been described 
by a number of other authors and a detailed description 
need not therefore be given. 


Conditions of working, as measured : 
Vo = 6 500 = d.c. voltage supply. 
V, = 1000 = minimum positive anode voltage rela- 
tive to filament. 


It will be seen from the Schedule of Part VI that 
these assumptions have given ‘an analysis which is in 
fairly close agreement with the measured performance 
of the set as actually used, especially when it is realized 
that the characteristics refer to a single valve chosen at 
random. 

Curves of anode current, grid current, anode and grid 


losses are given in Fig. 14. 


The curve of anode current so obtained has also been 
plotted on case II of Fig. 11 for comparison with the 
selected theoretical curve. 

It is thought that case I in general leads to slightly 
higher efficiencies when working at comparatively high 
anode voltages. Probably for this reason it has been 
commonly used, as radiation-cooled valves, being 


V, = 1675 = peak value of a.c. grid voltage (negative | limited in power output by the safe anode dissipation, 
half-cycle). demand the highest possible efficiency of operation. If, 
Von = 525 = negative grid bias. however, water-cooled valves are used the question of 
Vop = 1050 = positive peak value of grid voltage | anode dissipation is not a limiting factor. The number 
relative to filament. of valves which it is necessary to use to produce a 
I II II IV V VI VII VIII IX 
e? 1-sn8 |, du d V/( — sin 6) | + V, = €, run is ù a LR a: cid oes 
0 1 5 500 1 675 6 500 — 525 
10 0-826 4 530 1 380 5 530 — 230 
20 0-658 3 610 1 100 4 610 + 50 0-6 2 760 
30 0-500 2 740 837 3 740 313 2-05 7 650 
40 0-358 1 965 600 2 965 550 3-5 0-05 10 350 27-5 
50 0-234 1 280 390 2 280 760 4-8 0-12 10 950 91 
60 0-134 735 224 1 735 926 4:4 0-30 7 620 271 
70 0-061 335 102 1 335 1 048 3-4 0-55 4 630 578 
80 0-016 82 25 1 082 1 050 2-85 0:85 3 090 891 
90 0-000 0 0 1 000 1 050 2-75 0-96 2 750 1 005 


Performance as calculated from schedule; 


Mean anode current 1-32 A 
Mean grid current 0:11A 
Anode dissipation. . 2°75 kW 
Grid dissipation .. 0:136 kW 
Input 8-6 kW 
Efficiency . 68 per cent 


NL nicotine made in this method of analysis 

: (1) That the anode voltage is 180° out of phase 

with the grid voltage, (2) that the wave shape of the 

anode high-frequency voltage is sinusoidal, and (3) that 

the wave shape of the grid voltage is sinusoidal during 

the negative half-cycle, but is truncated at 1 050 volts 

during the positive half-cycle, this being the measured 

value of the positive peak voltage. This flattening of 
the positive half of the grid voltage is due to :— 


(1) The use of a grid leak and the fact that a maximum 
grid current flows at the maximum positive 
peak and thus causes the maximum bias to 
occur at this point. 

(2) The fact that this flow of grid current causes a 
maximum damping on the excitation at this 


point. 


particular output is independent of the efficiency of 
operation within very wide limits, but is dependent 
upon the output which it is possible to obtain at a 
particular filament brilliancy. From the foregoing 
discussion it is clear that case II demands a considerably 
less maximum emission from the filament than does 
case I for the same output, which means that either 
fewer valves can be used or fewer renewals will be 
required. The advantage thus to be gained depends 
upon :— 

(1) The cost of valve renewals ; 

(2) The cost of power ; and 

(3) The difference in efficiency as between the two 

methods of working. 


At Rugby a reduction of 6 per cent in the efficiency 
of working can be allowed if the average life of the 
valves is increased thereby by 3-5 per cent, and opera- 
tion in accordance with case II is believed to be 
thoroughly justified from the economic point of view. 

A further advantage lies in the fact that the grid 
voltages are very considerably less under these condi- 
tions, which is a useful consideration when small 
stabilizing condensers are connected between the grid 
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Fic. 12.—Anode current characteristics. 
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and filament of each valve; this is also of great 
importance when working at very high frequencies. 
Another substantial advantage also arises in the case 
of high-power installations from the fact that greater 
outputs and higher efficiencies are obtainable by this 
method when working at the lower anode voltages. 
The necessity or desirability of working at comparatively 
low anode voltages arises from the experience that the 
behaviour of valves when tested in a low-power test 


| set may be very different from that which obtains when 


used in a high-power transmitter. 

The fundamental reason for this difference in behaviour 
would appear to be the existence of a phenomenon 
which is quite outside the usually accepted thermionic 
theory but is known to some manufacturers and users 
of high-power valves. Current discharges, which are 
many times the maximum emission current of the 
filament, can and do take place through a valve and 
may leave it quite unaltered as regards hardness and 


| characteristics. Cases have occurred where such a dis- 


charge current through a single valve has operated the 
main high-speed circuit breaker (that is, the current 
was in excess of 400 A), and the valve has proved after- 
wards that it was still a good hard valve within the 


| usually accepted meaning of the term, by passing all 
| the usual acceptance tests for vacuum, etc.* 


The reason that this phenomenon becomes more pro- 
nounced and troublesome with high-power sets using à 
large number of valves in parallel appears to be largely 
oneof voltageregulation. Thedischarge in a small-power 


| set causes an immediate drop in voltage which allows 


the valve to regain its equilibrium, and the discharge 
may thus be self-healing and pass entirely unnoticed. 


* B. S. GosstiNG: Philosophical Magazine, 1926, vol. 1. (ser. 7), p. 609 
describes sim:lar phenomena in connection with small valves vor may be ol 


| the same fundamental nature; see also R. A. MirLiKAN and C. F. Evrine: 


Physical Review, 1926, vol. 27, p. 51. 
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Fic. 13.—Grid current characteristics. 
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In the case of a high-power set, the voltage-drop on 
overload is not so marked and the valve has not 
the same opportunity of quick recovery; in these 
circumstances the discharge often causes the vacuum to 
be broken down and' the valve through which the dis- 
charge takes place may in some cases be destroyed. 

The destructive effect is less if a rectifier unit is 
used rather than a d.c. generator as the source of the 
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high-tension d.c. supply, on account of the poor voltage 
regulation and the current limitation of the former, 
but for a commercial telegraph service it is necessary 
to work with a voltage at which the effect is not 
likely to occur, so as to avoid interruptions. Under 
certain conditions the use of an economical thermionic 
current-limiting device might be associated with d.c. 
generators with advantage. 

It is known that the same or similar discharges take 
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place in other types of valves, although their vacuum is 
the best that modern methods can produce. Sparks 
have actually been observed inside glass and silica 
valves installed on small-power sets, without any 
apparent effect upon the operating conditions at the 
time. 

The phenomenon may occur with hard valves 
(which have previously been tested singly on a test 
set at 12000 or even 15000 volts) in the region of 
7000 volts (d.c.) and becomes more frequent and 
destructive as the voltage is increased. This leads to 
the conclusion that in the present state of valve develop- 
ment high-power sets should be designed to work on 
comparatively low voltages of the order of 7 000 V. 

It has been shown that with the method of operation 
represented by case II good output at very reasonable 
efficiency is obtainable at comparatively low voltages, 
and there is no doubt that these figures could be much 
improved upon if the valves were specially designed for 
thus working. 

Power-valve development up to the present has pro- 
ceeded mainly on the lines of increasing the permissible 
working voltage, and this is obviously the first line of 
attack in any attempt to produce a high-power valve, 
but the authors would point out that this is not the 
only line of development. Until the phenomenon 
which has been described is thoroughly understood, 
there would appear to be room for a high-power trans- 
mitting valve designed for medium voltages and making 
up for reduction of permissible working voltage by 
having a greater filament emission, preferably at a low 
temperature. 


PART V. 
KEYING AND SHAPE OF SIGNALS. 
The method of keying adopted at Rugby is described 
in Mr. Shaughnessy’s paper * and Fig. 15 has been 


reproduced from that paper. 
* Loc. cit. 
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Fic. 15.—Skeleton diagram of transmitting circuits. 
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It is explained therein that three keys have been 
provided and that the combination of a grid-leak resist- 
ance with a grid-bias generator for the final stage of 
power amplification enables a selective discrimination 
to be made between the mean grid bias used for signal 


Aerial current 
(rectified) 


It should be emphasized at this stage that the problem 
of telegraphy as regards this particular phase is quite 
different from that of telephony. In the latter case 
the problem is to make the aerial current/input curve of 
the amplifier as flat as possible over a wide band of 
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Fic. 16.—Keying 800 A in aerial at 40 words per minute, using three keys. 


and that used for ''space," the conductivity of the 
valve increasing the decrement of the coupled aerial 
circuit during the space and so improving the shape of 
the signals. 

The oscillogram of Fig. 16 shows the shape of the 
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Fic. 17.—Impedance curve of combined circuit, and resonance 
curve of aerial circuit. 


signals at 40 words per minute, using the three keys 
and with 800 amperes in the aerial. 

The difference in the decrement on the rise and fall 
of the aerial current is very marked, and for this par- 
ticular oscillogram the values are 


Rise ii i .. 0:0057 
Fall i = .. 0:011 


frequencies; in telegraphy it is desired to get as much 
power as possible at one frequency only. 

The resonance curve of the telegraphy antenna circuit 
at Rugby is given in Fig. 17; this was obtained by 
mistuning the antenna circuit and plotting the ratio 
of the antenna current to the current in the inductive 
branch of the intermediate circuit. Fig. 17 also gives 
the impedance curve of the coupled aerial circuit (cal- 
culated) looking from the power amplifier, i.e. it is the 
variation of Ze. of type D (Fig. 1) with frequency. A 
scrutiny of these curves shows how unsuitable this 
particular aerial circuit would be for telephony. 

The necessity of taking a load through the valves 
with “ key up ” when using low-decrement circuits and 
loose coupling is indicated by the oscillogram of Fig. 18, 
which gives the shape of the rectified aerial current 
when using the same grid bias from the generator 
without grid leak for both “ mark” and “ space”; 
not only has the circuit a very much lower decrement 
for the decay but the sudden rise of h.t. voltage due to 
the sudden cessation of the load increases the transient 
of the usual two frequencies to such an extent as to 
spoil entirely the shape of the signals. The curve of 
the oscillogram is, of course, the envelope of the high 
frequencies and gives the beat frequency of the two 
oscillations during decay. 

The actual quantitative effect of the conductivity 
of the valve on the decrement of the intermediate circuit 
is given by the oscillograms of Fig. 19 which shows 
envelopes of the current in the intermediate circuit when 
used alone, ie. with the aerial circuit disconnected. 
Oscillogram (a) is for the normal method of keying using 
the conductivity of the valve to increase the decrement 
during decay ; and oscillogram (b) is with a heavy nega- 
tive grid bias. From such oscillograms the following 
decrement figures were obtained :— 


Decrement of intermediate circuit = 0-0022. 
Decrement of intermediate circuit during decay under 
keying conditions = 0-03. 


It has been proved to be practicable to key the circuit 
by the use of one only of the three keys provided, i.e. 
either at position “a” or at position “ c” of Fig. 15. 

The group of oscillograms of Fig. 20 was obtained 
using the small magnetic relay at position '' c." Points 
of interest are the marked transient in the intermediate 
current at the beginning and end of a signal. The 
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advantage of this method of keying is that it only 
requires a small key without a blower, and is conse- 
quently quiet and convenient. It is quite satisfactory 
for the ordinary key-speeds used for Press and ship 


Aerial current 


reduction of retro-action in the last stage of amplifica- 
tion, as under these conditions the grid-filament circuit 
is left definitely capacitative when the key is “up.” It 
will be noticed also that the rise is slightly more rapid, 


(rectified) 
DC.anode Jd «— f 77" py 
current 
Fic. 18.—Oscillogram showing effects of keying with no back load. 
ad | in 
50-cycle 
timing wave 
Current in intermediate 
circuit (rectified) 
(6) 
Fic 19. 
wave 
Intermediate 
circuit curren 
(rectified) 
D.C. anode 
volts ` 
D.C.anode 
current 


Aerial current 
(rectified) 


Fic. 20.—Keying by means of single small keys at position ''c 


ef A NCC 
PII RPSL 


Aerial current 
(rectified) 


50-cycle 
timing 
wave 


" (Fig. 15). 


Fic. 21.—Keying 800 amperes in aerial at 40 words per minute, using a single small key. 


traffic; Fig. 21 gives an oscillogram of an aerial current 
of 800 A keyed in this manner at 40 words per minute. 
The group of oscillograms of Fig. 22 was obtained 
using a Creed key with blower at position “a.” It will 
be observed that the decay of the transient at the end 
of the signal is much more rapid, probably due to a 


as there is no time-lag while the current is building 
up in the intermediate stages of amplification. Fig. 23 
gives oscillograms of an aerial current of 800 A keyed in 
this manner at 40 words per minute. 

Under normal systems of keying in which the decay 
of the aerial current corresponds to the rise, any lengthen- 
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ing of the signals to compensate for the energy lost 
owing to the slow rise in current to its maximum value, 
merely results in the running together of the signals. 
In this case, however, it becomes possible to obtain a 
definite improvement in signal shape at high speeds by 
increasing the length of the ''dot"' signal applied to 
theset. This has been done successfully by the method, 
well known to telegraph engineers, of inserting in the 
relay circuits a single-current relay with a spacing 
bias, shunted by a non-inductive resistance. Fig. 21 
clearly shows that a considerable increase in applied 
signal has thus been obtained, the resulting radio signal 
being approximately evenly divided between mark and 
space. 


Ttming 


wave 


Intermediate 
circuit current 
(rectified) 


frequency corresponded to the tuned position (bearing 
in mind that this will be slightly different with “ key 
up" from that with '' key down ”) and the observed 
points marked as shown in Fig. 24. The remarkably 
close agreement between the observed points and the 
curves for such a calculation with so many constants 
difficult of determination was considered to be sufhcient 
confirmation of the point in question. 


Part VI. 


RECENT RESULTS AT RUGBY. 


Since Mr. Shaughnessy read his paper on the Rugby 
radio station the complete aerial, supported by 12 


PPPoE 


D.C. anode Gs E E 
volts 


D.C.anode 
current 


Aerial current 
(rectified) 


Fic. 


It seemed desirable to confirm in some way that the 
transient which is so marked in the intermediate circuit 
current was inherently due to the electrical constants of 
the circuits themselves and not caused by some unknown 
factor of the valve amplifier as such. Consequently a 


Acrial current 
(rectified) 


Timing 
wave 


HEEL ee aye 


22.—Keving by means of Creed pneumatic key at position ‘‘a’’ (Fig. 15). 


masts, has been brought into use for the telegraph 
set. The aerials on the north and south sides of the 


building are led in separately and are joined in parallel bv 
means of a stranded wire cable supported by insulators 
from the roof inside the building. 


Fic. 23.—Keying 800 amperes in aerial at 40 words per minute, using Creed pneumatic key at position '' a ” (Fig. 15). 


number of groups of oscillograms similar to those of 
Fig. 20 were taken for a series of values of inductance 
in the intermediate circuit slightly different from the 
normal tuned position, and the beat frequency of the 
transient was measured for each oscillogram. A calcu- 
lation of the beat frequency for a free oscillation in 
such a coupled circuit was made,* and Fig. 24 shows 
the calculated curves of the variation in beat frequency 
as the intermediate circuit is mistuned. It was then 
assumed that the oscillogram with the minimum beat 


* G. W. Pierce: “ Electric Oscillations and Electric Waves," chap. ix. 


The constants of the combined aerial with masts 
insulated are as follows :— 

Effective capacity at 16 000 cycles = 45 000 uu F. 

Effective inductance at 16 000 cycles = 358 pH. 

Curves showing the aerial resistance for '' masts 
earthed " and '' masts insulated "' are given in Fig. 25. 

The use of the combined aerial has enabled the normal 
working current to be increased from 550 to 740 amperes. 

The schedule, which follows, shows the actual con- 
ditions of normal working with two different types of 
valve, type V.T. 26 being rated at 10 kW output per 
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valve and tvpe V.T. 30 at 20 kW. It is thought that, 
at the time of writing, neither of these types has reached 
its maximum output as far as conditions of operation 
at this station are concerned. It is certain, however, 
that neither type of valve, as at present manufactured, 
would operate satisfactorily in the large transmitter at 
Rugby under the voltage conditicns at which each one 
is tested before acceptance; reasons for this have been 


MKLLLLLLIZ 
AN-LL T AA 
NO Af — 


di EZ MEM 


Position of intermediate circuit moving coil 
Normal tune 


Turns in Turns out 
2 1 12345 67 8910 i812 
0 


—— À — tes Ó— HÀ eer e 
1-02 1-01 1-00 0-99 0-98 
Measure of mistuning of intermediate circuit 
with reference to aerial circuit 


x- A C yu. Ca) 


Fic. 24.—Calculated and observed values of transient beat 


Beat frequency, in cycles per second 


frequencies. 
Curve “a” : R= 00126. 
u b": R= 001. 
i “e » : R = 0* 009. 


given previously in Pait IV. With masts earthed, an 
aerial current of 810 A has been obtained, using the 
54 valves type V.T. 26. 


Schedule of Readings for Normal Running Conditions. 


————————MM—————— 


Type of valve in use V.T. 26 | V.T. 30 


Number of power units in use kà 3 2 
Total number of valves in power 54 30 
units 

Aerial current, A .. 740 700 
Aerial power at 0-61 ohm, kW 335 300 
Voltage, V 6 300 6 500 
node AE | comet NN 73| 70-5 
Power, kW 460 460 
Filament power, kW js Y 48 41 
prr nid : i Excluding filaments| — 72-5 65 
' | Including filaments 66 60 

per cent J 


Voltage on antenna, V 166 000 | 157 000 


The present limiting condition in regard to aerial 
power output is the voltage on the aerial system, the 
normal working value of which is of the high order of 


VoL. 65. 


165 000 V. , During the experimental stages the dielectric 
losses in the wooden frame of the glass window which 
supports the lead-in insulator caused the former to 
char and commence to burn. It was necessary, there- 
fore, to erect an earthed guard ring around the window. 
This eliminated the charring completely, but reduced 
the distance from the lead-in conductor to earth. An 
occasional flash-over occurs under bad weather con- 
ditions if aerial currents in excess of 740 A are used. 
A longer insulator is being manufactured with the 
object of removing this limitation. Meanwhile the 
provision of a canopy to protect the insulator from bad 
weather, together with an increase in the size of the - 

aerial conductor near the lead-in insulator to 18 in. 
diam., are giving very promising results. 

Tests were recently carried out to ascertain the differ- 
ence in signal strength as between masts insulated and 
masts earthed. The station was worked under these 
two conditions on alternate days for a few weeks and the 
signal strengths were compared at various places all over 


Resistance, in ohms 


12 16 20 24 28 32 
Frequency, in Kilocycles per second 


Fic. 25.—Aerial resistance curves for complete aerial using 
12 masts. 


the world. Whilst there was no very marked difference in 


aural reception, the general consensus of opinion of the 
reports was that the signal with masts insulated was' 
slightly stronger than with masts earthed. 

The American Telegraph and Telephone Co. kindly 
made measurements of field strength at Houlton, and 
Dr. L. W. Austin was good enough to make measure- 
ments at the Bureau of Standards in Washington. 

The mean daylight figures corrected to 725 A in the 
aerial are as follows :— 


Measurement at Masts insulated Masts earthed 
Houlton, Maine.. 578 u V/m 541 V/m 
Washington 131 u Vm 120 V/m 


The increase in signal strength at Houlton, Maine, due 
to the insulation of the masts is therefore of the order 
of 7 per cent, and at Washington it is about 9 per cent. 

It is interesting to compare these measurements with 
the values obtained by calculation, using the various 
formule which have recently been proposed. The 
effective height of the Rugby aerial was assumed to be 


21 
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175-5 m, the mean of a number of measurements taken 
in this country. 


Calculated value 


Formula 
Houlton | Washington 
Austin-Cohen * .. ; 187 uV/m 114 
Round, Eckersley, etc. t 945 u V/m 721 
Espenschied, etc. f 300 i. V/m 203 


* L. W. Austin: "' Preliminary Note on Proposed Changes in the Constants 
of the Austin-Cohen Transmission Formula,” Proceedings of the Institute of 
Radio Engineers, 1926, vol. 14, p. 377. 

H. J. Rousp, T. L. Eckerstey, K. TREMELLEN and F. C. Lunnon: 
“ Report on Measurements made on Signal Strength at Great Distances,” 
Journal I.E.E., 1925, vol. 63, p. 933. 

t L. Espenscurep, C. N. ANDERSON and A. Barrey: Discussion on the 

above paper by Messrs. Round, Eckersley, etc. 


In conclusion we should like to thank the Engineer- 
in-Chief of the General Post Office for permission to 
write this paper. We also wish to acknowledge our 
indebtedness to our many colleagues of the Radio 
Section, Engineer-in-Chief's Office, G.P.O., and in 
particular to Mr. A. C. Warren, B.Sc., who has been 
working in close association with us for several years, 
and to Mr. F. Jones, M.Sc., who was responsible for 
the oscillograph work. 


e APPENDIX. 
PROOF OF FORMUL# or PART I. 


For a particular type of valve used as an amplifier 
for a radio-telegraphic transmitter, a particular value of 
anode-output impedance in association with a particular 
grid-voltage swing will produce the required result as 
regards power output and efficiency; the '' tuning ” of 
the transmitter involves the adjustment of the output 
impedance to this value, which is independent of the 
. type of output circuit. 

It can be assumed, therefore, that for the chosen 
conditions of working the feed current, Iş, from the 
amplifier to the aerial circuit will be constant and can 
be represented by 


Ty = Xn = (ipi + (pa + (ips - - - Gom - .- 


where 


(*p)1 represents the component of the feed current at 
the fundamental frequency, and 

(1f) represents the component of the feed current at 
the frequency of the mth harmonic. 


The actual proportion of harmonics present in I, will 
depend on the selected conditions, etc., at which the 
circuit is worked. 

(In what follows the symbol [|ij|,, will be taken as 
representing the numerical value of (vf, without refer- 
ence to phase, and a symbol without suffix will be 
taken as a general expression in which any value of m 
from l upwards can be inserted.) 


In the same manner, the aerial current can be repre- 
sented by 


Ia = XM(ig)m = (ig) + (2 + (a +- 


(lam . - 


Therefore, for any particular output circuit, the 
expression 

Lisl m 

ir 

talm 

lali 


is a measure of the efficiency of the filtering of the 
output circuit in respect of the mth harmonic, and will 
be referred to simply as the “ Filtering." 

The filtering of the various types of output circuits of 
Fig. 26 will now be compared. 

The symbols for the various parts of the circuits 
are shown on the diagrams. In addition, the following 
symbols will be used : 


B = 1 — lfm. 

òa = decrement of aerial circuit at fundamental 
frequency. 

5, = decrement of intermediate circuit at fundamental 
frequency. 

w = 2nf. 


f = fundamental frequency. 


Type A.—Inductive coupling to anode with plain 
aerial. 


In general 
LU EC TENE al 
(ia) Zeg. Xo 
; 1 l 1 
since xp XE Dir 


1 
= j ——— + R 
Za = jmolL, + TOU. + Pa 


i 
= jmwLaß — zit Lo + Ra 


] 
| Putting jwl,+- : +jwLo=0 and B—1- =, 
JwCa m. 
Xo = jmwLo 
: (ip) _ jmw(La T Lo)B + Ra 
(ta) jmwLo 
E w(Lq + ^» D 
~ jn«Lg jmp + T 


At the fundamental frequency 


- Hu i = 0 
lh Lo since B 
and at a harmonic frequency 
DE z La + Log 
[talm Lo 
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since with the low-decrement circuits under con- | and at a harmonic frequency 
ideration ] 
san ; Is. nur cud 
mp >>— [2a] m 
T Therefore i 
Therefo : : 
ee 8 Filtering = m Pn ZO 2. we x I9) 
Filtering — ull (18) l : is T 
dq which gives an ‘‘ Improvement ”? for type B circuit 
l over type A of m? with respect to the mth harmonic. 
LZA ta Ra Type C.—Inductive coupling to anode and inductive 
yii coupling to aerial. The results for this type of circuit 
N T T oe S Type A | can be inferred from the others given. This is an 
Ze(fi i^v Xo Za T a undesirable type of circuit from the particular point of 
U_T sc | view now being considered. 
Type D.—Capacitative coupling to anode with inductive 
coupling to aerial. We shall take Rey and Xey. as 
. f being the effective resistance and reactance respectively 
eae she Ra of the intermediate circuit, allowing for the reaction of 
PERR NY A s | the aerial circuit. In the following it is assumed that 
=) Ze, X, Za "TÉ " B the intermediate and aerial circuits are separately tuned 
J E to the transmitted frequency. 
---—-----—--- Then 
= M mw? 
Rey, = Ry + ——À3— 
eff. | z? | a 
M*m?R ` 
= Ry + —— A = 
es TIE 
since Za = w«L,(jmp + à4[m) 
M?R, n? 
(Rear) = Ri +—z a [B= 9] 
wL 
= 218155 + 02) . (20) 
is ^^ MR 8 
Reg) =R a [mp g 
( eff.)m : tt Lig: L T 
E m.) 
- ( 1+ Bi 
= wld, 
u 7 " 
E x ee ae l M? mu? 
= jm« fd c MuR EI i 
Fic. 26.—Types of output circuit. ] Mm? l 
= jmwL, + —- — — Jmo LB 
I : jm«C1 85 


Type B.—Capacitative coupling to anode with plain 
aerial. 


As before 
: ] 
Za = jmw La mao, + Ra 
1 
= jmwoL,B-— EF + Ra 


~u 


(ta) 


= jmw?LaColjmp + dalz) 
At the fundamental frequency 
pi p e a L,C905 


lali 7T 


, ] 
(Xeg)1 = JooL4 + 300; 


k? ! 
(Xeg.)m = jmwL + T B .jmoL, mp >> 0/77] 


1 
jmoC, 


jm« C, 
k? 


T 1 
—Jjmol, Tout. [K2/B «« 1] 


Ci 
Bs Mmw(ii) _ Mm (i) 
a) Ze Lg(3mB + Bm) 


— 5 —_——— Ò — 


(ta) (41) (^a) 
_ Za + Xo LalimB + Bum) 


Ko Mm (21) 


316 


HANSFORD AND FAULKNER: DESIGN OF A HIGH-POWER RADIO- 


At the fundamental frequency 


(Z3)1 (Xe)1 + (Reg.)1 
1l wy, 
= 4 din. de Òu 2%2 
jwLı + 3G, + n5. —— (0194 + 7?k?) 
1 wl, 
ZIS oo omoa bcc adim | k2 
pyra + 70, (819, EE T? ) 
(i)i  «L4(018,-- nk?) . Lda 
= —— a jw f 21 
(ia) 1 7a EO ce gt PORE Narn 
a jw*L,L,Co 810, + 72? 
M n? 
and at a harmonic frequency 
(Zim = (Xey.)m T (R di 
e, 
= L met 
i: GU ^: T 1 
^ 1 wld, 
- P: x mds Ez 
jmoLi jm«oCo d T 
(ifm =i shy L,(jmB + 8j[m) 
(*a)m pristap T iine Mm 


[from (21)] 


Laj 


= jmwl,B .jmwC9 . 
ip: M [mB>>Salm and 8/7] 


JW 
JW LL Co 
"EMT 
m m? Bn? 
Filtering = 5,9. + ke : (22) 
Type D Br8, 
Improvement = Type B = 5:9, + 72 


For the higher harmonics, B approaches unity and 


704 


5,8, + se e) 


may be referred to as the '' Improvement Factor” * 
for a coupled circuit. 


Type D m?Br 8, 
t = EERS eia 
Improvemen TypeA EA pa 


* A similar formula was quoted to us by members of the Wireless Commission 
orthe particular case of Type C/Type A, which is not analysed in this paper. 


(1 + mo C9Z,); (1 


Type E.—Capacitative coupling to anode and capacita- 


tive coupling to aerial. 


Z,2 
Zey. . Z2 
= (1 + jmwCoZ,) (1 + jMwCmZa) 


onis 
(ta) 


Za=jmw La Panai, : "Wu +R, 


LB- R I L,- : + ; | 
—jmoL,B— "T = 
sat " ! = wm jw, 
1 
2 — eii; 
( a)l R, jwCm 
(Zw s jmoL,B 
(1 + jmoC$,Z,)i = Jo Ca Fi, 
(1 + JmwCmZaq)m LBS = mu*C mLa 
Z =) BO FS ee porre 
p l Za 
ERN aE LEERE ce S na 
jmoLiB jmoCo  jmoCg TuS 1+jmwCy,Z 
1 + JmwCoZ, 


1 Z 
E ET Ee A eee eT, a ea 


-4 jmco CmZaq) 1 


edd s z z) (n, — —)) 
je C9 [jo C, BR, Ri uU. T 87 os 

C " 
= — c, (Cm Ras + 1) 

<a 5,8, 


— = aX C2, TL J 
a +1) E $ 


(1 +jmwCoZi)m(1 +jmwCmZaq)m 


=a 


matt #1) 


—jm«oC€9- LL Cs Lal jmoLif — —— 
3 
aR 
= mof CoCmLaL p? (neglecting small terms) 
ea Co m4 B2 
On e 
m^? 
"EE 
Filtering — — 
ir 104 l 
nek T 
4 2 
ERE S. Logs Xa) 
010g + n*k 
Type E m* fà, 
Improvement — Type À = $3.4 P 


DISCUSSION BEFORE THE WIRELESS SECTION, 1 DECEMBER, 1926. 


Mr.L. B. Turner: When Mr. Shaughnessy read 
his paper last April I was unable to be present, so that 
I am particularly glad to be here to-night when further 
information is presented about the Rugby station. As 
a member of the late Wireless Telegraphy Commission 
I should like to record my admiration of the great work 
—much of it breaking new ground—which the Engineer- 


ing Department of the Post Office has done at Rugbv. 
The authors of this paper were largely responsible for 
much of this work. I am much interested by the 
oscillograms of aerial current when keying. These 
show clearly that, at such great wave-lengths, signalling 
speeds must be severely limited by the slow rise and 
fall of amplitude in the aerial. In a paper read before 


-e — PH, eee 
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this Section in 1923, entitled ‘‘ The Relations between 
Damping and Speed in Wireless Reception,” * I studied 
the similar conditions at the receiving end. No trans- 
mitting decrement figures were then available, but I 
pointed out that, even if the delay action at the trans- 
mitter were negligible, an upper limit for signalling 
speed would be-given by the condition that nóT' must 
not fall below some such figure as 2, where T is the 
duration of the morse dot, viz. (1:25 secs.)/(no. of words 
per min.) In Fig. 16, n = 16 kilocycles per sec., and 
a mean decrement 6 for the rise and fall is 0-008; so 
that, even if delay action at the receiver were negligible, 
the formula would indicate a speed limit such as 
(1-25 x 16 x 8)/2 = 80 words per min. It is perfectly 
clear that what I may perhaps call the nóT criterion 
imposes a real limitation of speed for long-wave stations 
such as Rugby. The authors point out the necessity 
and advantage at Rugby of increasing the decrement 
during spacing by causing the valves to absorb power 
from the oscillating circuit. This is the counterpart of 
what, in the paper referred to, I called '' curbing ” at 
the receiver. As far as I know, receiver curbing has 
never yet been tried. It is not quite so easy to effect 


: ^L á K T : 2C 
- » 2 e uL ; 
Za ra == amp 8 
a), (4) (”) (8) 


Fic. A. 


as transmitter curbing, but I still think it ought to 
be used if high speeds are desired at great wave-lengths. 
Perhaps the authors will tell us what they consider to 
be the practical upper limit of speed at Rugby. The 
delay action so clearly portrayed in the excellent oscillo- 
grams (Figs. 16-23) recalls the recommendation of the 
Imperial Wireless Telegraphy Committee under the 
chairmanship of Sir Henry Norman, viz. that an Imperial 
chain should, on technical grounds, be composed of 
relatively short-wave, 2 000-mile stations. The Norman 
Committee had the nòT speed limitation strongly in 
mind when they came to this conclusion ; but it was 
severely criticized at the time (1920). The Marconi 
Company were then advocating long-wave stations such 
as Rugby. It is interesting to notice Mr. Marconi's 
remark in bis James Forrest lecture a month ago, when 
he said that very high speeds—inversely proportional 
to the wave-length—were only possible if short waves 
were employed. The distinction between condensive and 
inductive coupling as regards reduction of harmonics is, 
I think, a point of great practical importance for triode 
transmitters ; and this point was, as far as I know, first 
made by the authors. I must confess that I found 
difficulty in accepting the superiority of the condensive 
coupling to anode (A in Fig. 1) over the most usual 
inductive coupling (B in Fig. 1) owing to a mistaken 
line of thought, which I may perhaps indicate for the 
sake of others who also find it easy to err. The sub- 
stantial functional identity of the arrangements (a), (8), 
* Journal I.E.E., 1924, vol. 62, p. 192. 


(y), (8) in Fig. A is a valuable and a valid reflection, 
provided that it is the fundamental frequency 
[(1/274/(LC)] which is under consideration. For that 
frequency the arrangements (a) and (8) are very nearly 
equivalent. But they are not equivalent for any other 
frequency. This is obvious from the extreme case of 
an indefinitely high harmonic, for which the impedance 
Z, is ever so great, while Z vanishes. At present at 
Rugby, circuit D (Fig. 1) is employed, giving a filtering 
“ improvement factor " of 40 m? over the single aerial 
circuit inductively coupled to the anode. It seems that 
this is adequate for avoiding trouble from harmonics 
in the aerial; but the marked delay action with this 
arrangement disclosed by the oscillograms strongly 
suggests that the full benefit of condensive couplings 
should be obtained. Let arrangement D be changed to 
E, and the improvement factor will rise (for tbe same 
efficiency of 95 per cent) from 40 m? to 40 m4. The 
delay action can then be reduced by increasing the 
coefficient of coupling k until the 40 m* falls at least to 
(40 m3)/4 or (40 m*)/9, or further until aerial harmonics 
begin to be troublesome. Less delay action, and 
therefore higher signalling speed, is the net result. 

Mr. G. Shearing : With reference to Part I, dealing 
with the elimination of undesirable harmonics, type A 


Fic. B. 


circuit has been employed very considerably in Naval 
wireless telegraph work where rapid wave-change is 
required, and the addition to existing installations of a 
rejector type of circuit of low decrement between anode 
condenser and earth as shown in Fig. B has been found 
most useful for the avoidance of harmonic interference. 
Applying the mathematical arguments of the Appendix 
to this circuit the following are obtained :— 
The total impedance Z is given by 


1 1 l 1 1 l 


l . 
and 
yo a bari See 
p= Zag = l + g, + jmwOBZe 
| w(Lq + Lo)/. Be) 
+ jm«o Lg (mB + 7: 


i ; 2% 
4. jmoCB 4 jmeaLaB = m Jwlo oo Ra} 


from which in = (La + Lo) 8a 


tal Lo 7 
and 
3 fm a °) 9 a 0 : 
im _ g(La + La La glo R 
"m &( Lo +m Bh p + RajmoCf 


dir L 
from which the ratio - = m?p? T (neglecting smaller 


tam 
L L 
terms), and the filtering = m?ĝ2 — . pecs DEL 
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Thus the circuit of Fig. B is of the order of m?B 
times as good as the plain inductive circuit shown in 
Fig. lif L,/Z approximates to the value of (L4 + Lo)/ Lo. 
Referring to the curves of Ig. 6, the decrement for the 
2187 stranded cable of equal section is about 100 per 
cent greater than the decrement for the 6 561/36 cable. 
The percentage increase of decrement for the whole of 
the circuit would, of course, be very considerably less 
than this value, and the aerial current would appear 
to be reduced by about 5 per cent. Have the authors 
relative figures for the manufacturing and assembly costs 
for these two cables so that the economics of the two 
cases might be compared with the technical gain obtained 
from the adoption of the 6 561/36 cable ? The maximum 
size of stranded single cable adopted in Naval work 
tor aerials of much higher resistance than at Rugby 
has been 729/38 S.W.G., two or more of these cables 
being used in parallel for the higher powers, and the 
wire has usually been enamelled onlv, but in certain 
special cases for fine wires of No. 38 S. W.G., and smaller 
sizes where silk insulation has been used additional to 
the enamelled wire, the resultant gain appears to be 
due to the reduction of breakages of single wires and of 
damage to the enamelling from abrasion during strand- 
ing. With reference to the use of whitewood for coil 
insulation, have the authors carried out, in the course 
of their experimental observations, any tests on its 
behaviour after being subjected to very damp condi- 
tions? I suggest that a fourth fundamental factor for 
different types of valves, referred to as being of main 
importance in Part IV, should be “ The geometry of 
the valve." As regards the anode-current wave-forms 
shown in lig. 11, I agree with the authors as to the 
advantage of the wave-form of case II over that of case I. 
The wave-form for case II as adopted by the authors. 
and their remarks on page 307, indicate that they tend 
to favour valve ''filament efficiency " as opposed to 
“ anode efficiency," assuming that by “filament efh- 
ciency " is meant the operation of the set for a given 
output at the minimum practicable filament emission. 
In this connection have the authors considered the case 
of working at an anode current wave-form tending 
more to a flat-topped wave-shape than that of case II, 
where the considerable reduction of anode current 
when V, is a minimum tends to reduce the efficiency 
of operation ? This should be obtained, for example, 
referring to the characteristic curves in Figs. 12 and 13, 
by adjustment of the value of the minimum anode- 
filament voltage V, to a value of the order of 1 200 to 
1500 volts if the maximum grid positive voltage is 
maintained at 1050 volts, in which case the anode 
current does not decrease with increase of the grid 
positive potential beyond 900 volts, as occurs for 
V, = 1000 volts. The resultant reduction of anode 
efficiency due to increase of V, may be compensated 
for by the gain due to reduction of the maximum required 
filament emission, with consequent increase of filament 
life for a given number of valves in use. The pheno- 
menon of current discharges described on page 308 is 
very remarkable, and further details of the exact 
conditions under which it has been observed would be 
of great interest. I have not observed the effect 
myself in our high-power transmitting circuits, but 


an effect I have experienced has been the blocking 
action described by Prince * in which a combination of 
high maximum grid and high minimum anode-filament 
voltages, and high grid-leak resistance, may cause a 
reversal of the grid-leak current resistance-drop so that 
the valve is equivalent to a negative resistance. The con- 
ditions for blocking outlined by Prince do not appear to 
be present in the Rugby circuits. Have the authors 
observed whether the effect occurs under oscillatory con- 
dition for blocking if the maximum grid positive potential 
is considerably less than the value of V,? Incidentally 
the remarks on pages 308 and 309 in connection with 
this effect tend to favour the use of a thermionic rectifier 
unit rather than a d.c. generator as a source of h.t. 
supply. 

Mr. B. S. Gossling: The design of valves is now 
beginning to turn very much on economic questions, 
and the matter of filament brilliancy (using that as a 
convenient general term) becomes of importance. The 
authors do not concern themselves with the design of 
the valves which they have been using, but they do 
make a very valuable contribution to the clear under- 
standing of certain conditions of operation which have 
not been so clearly put by anyone before. Iam referring 
to the analysis of alternative conditions of operation 
giving the same efficiency, but requiring emission from 
the filament in the proportion of 3 to à. When people 
are designing circuits round such valves as they have, 
one finds that there is a natural tendency to be content 
with the reading of the aerial ammeter, which is their 
main concern, and with the efficiency at which the circuit 
is operating, and there has often been rather a tendency 
to ignore the reading of the filament voltmeter. The 
authors' work on the question of reducing the necessary 
emission has a considerably greater importance than 
they ascribe to it. They give towards the end of their 
remarks on this point the very interesting figure that 
in the case of the Rugby station a reduction of 6 per cent 
in the overall efficiency of the station would be paid 
for by an increase of only 3:5 per cent in the life of the 
valves. It is possible for us to go very much further 
in stating the advantage than the authors imply in 
this statement. A change of emission in the proportion 
of 3 to 5 means a change in the life of the valve of 2:5 
to 1, which is a very great economic advantage. That 
figure is substantiated in the first case by the variation 
with temperature of the volatility of tungsten. That 
may be considered rather a theoretical point. It has 
been very thoroughly studied by all lampmakers, but 
as far as valves are concerned it can only be confirmed 
by operation statistics covering periods of years. Iam 
not speaking of a reduction of life in the proportion of 
2-5 to l simply by over-burning a filament : I am speak- 
ing of the alternative case, which is the real one from 
the economic point of view, namely, the increase of the 
life in the proportion of 2-5 to 1 by under-burning the 
flament. Where the valve is well-developed, in the 
sense that the proportion of failures during life due to 
other causes than straightforward evaporation of the 
filament is quite low, this increase of life corresponding 
to this decrease in emission is actually established. 
Some of the figures rest on average lives of batches of 


* Proceedings of the Institute of Radio Engineers, 1923, vol. 11, p. 200. 
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valves covering 12 000 hours or so. We have had to 
wait a long time for the confirmation of the theoretical 
expectation, but that confirmation has now been obtained 
and it does show what an extraordinarily important 
piece of work the authors have put forward from the 
point of view of the economic use of valves. They 
have definitely laid the bogy of valve replacements, 
providing valves are properly developed and do not 
have other faults. If circuit designers would take to 
heart this fact and the further fact that the difficulty 
of valve design at the present time is the provision of 
cathodes of sufficient size, everyone concerned in the 
mauufacture of valves would be indebted to the authors. 
It is made very clear in the paper that the important 
parts of the characteristics of the valves are those 
parts of the characteristics which are very seldom studied 
and still less appear in specifications. The difficulty 
of observation in this field is undoubted because of the 
power which is dissipated in the valve. When char- 
acteristics are taken, special apparatus, such as the oscil- 
lograph, or a peak voltmeter—which is often very con- 
venient—has to be used, and the suitable non-inductive 
resistance across which a peak voltmeter is connected 
can be used as a peak ammeter. There are two points 
in connection with the characteristics given by the 
authors. The grid characteristics in Fig. 13 exhibit no 
sign of what I thought was the thoroughly well-recognized 
Phenomenon which comes in in connection with Mr. 
Shearing’s remarks about ‘‘ blocking,” namely a 
temporary reversal of the grid current usually occurring 
in the region between 400 and 600 volts, due to the 
secondary emission of electrons from the grid under 
the bombardment from the filament. The grid charac- 
teristics here do not show any sign of that, but it is 
quite possible that the effect would not have been very 
marked on the oscillograms, and the curves only just 
enter the range in which the effect would be expected 
to occur. The other point is perhaps a little more 
important. In the anode-current curve the authors 
show the anode current rising to almost 5 amperes, 
and when one refers to the anode-current characteristic 
(Fig. 12) and tries to make an estimate of the correspond- 
ing values of anode and grid voltage at the moment 
when 5 amperes are passing, it seems that the filament 
is not nearly saturated when such a current is flowing 
through the valve. I suggest that margins in that 
respect are rather expensive luxuries from the economic 
point of view. In regard to the question of the non- 
thermionic discharges in the valve, the blocking effect 
to which Mr. Shearing refers has nothing to do with the 
“case. It is a phenomenon which is common to all 
valves and can easily be induced under suitable circuit 
conditions. It is quite different from this parasitic and 
extremely erratic phenomenon to which the authors 
refer. The idea that when two electrodes are placed close 
together in a vacuum and a sufficiently high voltage is 
applied to them a discharge will pass, is not essentially 
new. As far as the publication of the experimental 
work is concerned, the study of this phenomenon begins, 
I believe, with the publication of Millikan in 1918 
describing work carried out in 1905. Millikan describes 
a phenomenon very similar to that to which the authors 
are referring, and in subsequent papers Millikan and his 


associates use this phenomenon as part of the regular 
technique of their spectroscopic work. The phenomenon 
is therefore apparently definite and regularly repro- 
ducible. The question was taken up again by Hayden 
in 1922, and he obtained results very similar to those 
rather sketchily given by Millikan. I do not propose 
to flounder in the very rapidly increasing volume of 
work which is now coming forward dealing with low 
currents and low voltages, but I will take it as an 
admitted fact that a discharge in high vacuum at this 
time is producible. Schottky makes it clear as a 
matter of pure electrostatics tbat with a field of the 
order of 108 volts per cm on the surface of a conductor 
no work would be required to remove an electron from 
the surface; that is to say, electron emission would 
take place even from a cold surface. Given that this 
discharge is possible, what are the facts of the case as 
they are known to-day, and do they throw any light 
on the nature of the phenomenon? First among these 
facts one cannot help taking the extremely low voltage 
referred to by the authors. The limit of 7 000 volts is 
extremely low. Although it is possible to imagine 
circumstances under which a voltage like that would 
produce the discharge, a good deal of imagination is 
required. As far as my experience of the phenomenon 
goes—I have known it for four or five years—the condi- 
tions under which I have been working have been less 
extreme than those of the authors’ but rather more 
varied. I agree with them that the absence of current 
limitation is absolutely essential if a really well-pro- 
nounced effect is required which will give an interesting 
display. There is always a prospect that the pheno- 
menon will take on this catastrophic form if the circuit 
which is being used has no inherent voltage limitation. 
In the paper to which reference has been made the 
great majority of the work I described concerns cases 
where the voltage regulation of the circuit was deliber- 
ately spoiled in order to reduce the phenomenon to 
reasonable dimensions; but I can state that if the 
megohm resistance which I had in circuit had been 
taken out, the circuit breakers would have come out 
too. The largest figures I can quote are circuit breakers 
set at 60 kVA, and they came out with great alacrity. 
That brings me to the case of the 400-ampere discharge 
which the authors have mentioned. This is an extremely 
imposing figure. I am not quite sure whether the 
conditions have been quite sufficiently stated in the 
paper, because by the exercise of a little arithmetic 
one finds that for every tenth of a second that the 
discharge is passing, assuming a maintained potential 
of 5000 volts, the energy dissipated is 200000 watt- 
seconds. This is equivalent to about 50000 calories, 
which will raise 4 kg of copper 1000 deg. C. If all 
this takes place in a single valve there should not be 
very much left of the valve. Therefore, I am inclined 
to conclude that either the discharges have been of 
brief duration, or else there is the opportunity for 
dissipation of energy somewhere else in the circuit. 
Reducing the order of the heating effect in the proportion 
of 10 to 1, we get a state of affairs in which there would 
be intense heating in the small area of the copper con- 
cerned. Some of the copper would boil off, and that 
is the ideal thing to do to a valve in order to restore an 
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impaired vacuum. I am not surprised therefore that 
when the valve was taken out it was found to pass its 
vacuum tests. Apart from this’ minor criticism, I 
completely agree with every detail of the authors’ 
description, but I disagree with the final conclusion. 
This brings me to the question of actual operation 
conditions. The General Electric Co. do not operate 
any large high-frequency plant, so I have to go elsewhere 
for actual figures. We have been supplied for several 
years past by the Marconi Co. with continuous records 
of the behaviour of all the valves made by the M.O. 
Valve Co. in use in their stations, and they have permitted 
me to select a couple of relevant cases to contribute to 
this discussion. The first case deals with the question 
of the use of a d.c. generator. This is the Glace Bay 
station where the high-tension supply is from a d.c. 
generator supplying a considerable number of glass 
valves and running at 9 000 to 10 000 volts. The power 
of the station is 60 kW but the generator is probably 
bigger. During five or six years there have been no 
complaints attributable to phenomena of this type. 
So far as this information goes, the d.c. generator is 
not necessarily responsible. The second example is the 
Carnarvon station which has been running for the past 
eight months on traffic with about 100 kW input taken 
from a 300-kW d.c. machine (so that there is no question 
about the size of the machine) and supplying a dozen 
water-cooled valves at 9 200 volts. This voltage is well 
over the authors' limit and it seems to me to show that 
the limit can be higher by 30 per cent than that quoted 
by them, and from the economic point of view 30 per 
cent of anode voltage is very precious indeed. In the 
case of the water-cooled rectifiers, the rectifiers are 
straight across the transformer, generally without any 
current-limiting device, and the reverse voltages across 
the rectifiers are generally considerably higher than the 
maximum voltages occurring in the oscillator valves, 
and I have never heard of a case of trouble in a rectifier 
valve. I should like to remark with some diffidence 
that the problem as the authors have left it is in a 
rather unsatisfactory state. I do not think the picture 
is quite so black as they have painted it, but on the 
other hand I do not think that any type of water-cooled 
valve is entirely immune. What are we to do? As 
far as I know, the Rugby station is the only one which 
has been in a position of serious difficulty owing to this 
effect. If the use of the Rugby station is essential, 
that introduces a non-technical element into the problem. 
It is rather an exaggerated case of the unfortunate 
effect of the division which occurs at the present time 
between valve users and valve makers as regards both 
organization and personnel. The problem has to be 
solved by some means. I think the method is really 
quite obvious. Itis simply that there should be facilities 
for rather intensive collaboration between the parties 
who may be able to contribute to the solution. I 
might perhaps add that, while one would like to have a 
complete explanation of the physics of the phenomenon, 
the possibility of an empirical solution should by no 
means be neglected—in the sense that our knowledge of 
the behaviour of many devices, such as the carbon 
microphone, is empirical. For such a short cut 
both experience on the broadest possible basis and 


facilities for trials under working conditions are 
desirable. 

Mr. A. G. Warren : The first point on which I would 
comment is that of abnormal current discharges through 
thermionic valves. This has been referred to at some 
length by Mr. Gossling, who assumes that such dis- 
charges are necessarily of the Schottky type. Mr. 
Gossling expressed surprise at the discharge taking 
place at voltages as low as 10 000. I have seen cases 
at 40 000 volts, and have no doubt that they could 
be produced at much lower voltages, but it is difficult 
to see how they could occur except intentionally. 
There is one other possible cause, namely, gas. It 
may be objected that it is difficult to imagine gas 
causing discharges of the magnitude which actuallv 
occur. Yet it is known that a very small amount of 
gas may be responsible for a very heavy current, 
probably because the current is mainly electronic. 
Actually the distribution of the gas is much more 
important than its quantity. I believe these valves 
have copper anodes, and therefore contain a considerable 
quantity of gas. The problem is to prevent that gas 
taking part, or predominating, in the discharge. A 
few well-known operating principles have to be observed, 
and then one hopes for the best. There is one possible 
source of criticism in the operation of these valves. 
The authors do not give many details, but I believe 
the anodes are cooled by water flowing under gravitv. 
I do not know what the pressure is, but I suggest that 
the practice of using water at a pressure of a few 
atmospheres, regulating the flow by throttling the exit, 
obviates one possible source of trouble. The authors 
suggest that the lines of development may be reduction 
of voltage on the valve, increasing the power by increase 
of current. That may be so, but I suggest that they 
do not accept this as a conclusion before the causes 
of abnormal operaticn are more fully understood. If gas 
is the cause, many other factors, such as the geometry of 
the valve, enter into consideration. The other question 
to which | would refer is that of high-frequency resist- 
ance. The authors have measured the resistance of the 
aerial coils, and have compared the measured values with 
the calculated. I believe the calculations have been 
base: upon Butterworth's formule, and I am particularly 
interested in knowing how closely experimental values 
agree with these formula. I have not seen many 
figures. In this particular case there is a considerable 
ditflerence, which the authors attribute to losses in the 
framework and in the surroundings. Have they made 
any measurements of the resistance itself, quite apart 
from external losses ? Some years ago l attempted 
to make some measurements upon small coils with the 
object of determining the effective resistance at high 
frequency, and also the true copper loss in the con- 
ductor itself. The method of determining the copper 
loss has not been published. Although it would require 
modification for large coils, it may be of interest. If 
a high-frequency current flows through a coil the loss 
in the coil and the tempcrature-rise depend upon the 
high-frequency resistance. If a minute direct current 
be superposed upon the high-frequency current the 
impedance to this direct current is the normal direct- 
current resistance. If the circuit is suitably arranged 
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the direct-current resistance may be measured while 
the high-frequency current is flowing. In general, 
temperature-rises of about 0:2 deg. C. were employed, 
the experiment lasting about 20 seconds. Under these 
circumstances it could be reasonably assumed that 
there was no exchange of heat between the copper and 
its surroundings, and that the rise of temperature of 
the conductor was due to energy dissipated in the 
copper itself. Generally two similar coils were avail- 
able; if not, a suitable balance was employed. The 
coils were well separated and connected as indicated 
in Fig. C. W,W have each three or four times the 
resistance of I? and a negligible temperature coefficient. 
(lor currents of a few amperes manganin wires are 
suitable.) The measured resistance R’ between the 
points A and B is R'— 2RW[(R-- W) and ôR’ 
= 2W/(R + W)}6R, so that for small changes in R, 
dR’ is proportional to ÒR. A high-frequency potential is 
applied between the points X and E. Then the points 
A and B are at the same potential, and the resistance 
R’ between them is measured with a Post Office box. 
The box is first balanced, and the high-frequency 
potential switched on. The box is reset for an increase 
of resistance of 1 part in 1000. When balance is 
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attained, at the end of 10 seconds or so, one hand of 
a split-seconds watch is stopped. The box is then 
reset for an increase of resistance of 2 parts in 1 000. 
When balance is again attained the second watch-hand 
is stopped. From these two measurements the initial 
rate of rise of temperature is determined, and is com- 
pared with the initial rate of rise produced by a 
corresponding low-frequency current. The ratio of the 
high-frequency to the low-frequency resistance is thus 
given. The high-frequency resistance so obtained is 
that due to copper loss and does not include the 
effective resistance due to losses in the surroundings. 
Lt.-Col. A. G. Lee: The curves in Fig. 17 indicate 
that the frequency of the e.m.f. applied to the grids of 
the power amplifier lies midway between the two reson- 
ance points of the coupled circuit system forming the 
output of the amplifier. The impedance curve Zep, 
. in the same figure shows that the impedance of the 
system, looked at from the valves, is a minimum at this 
frequency. Other possible frequencies to which the 
circuits might have been tuned are the two resonance 
frequencies, which, as the curve shows, are high impe- 
dance points. A possible advantage of tuning the 
applied frequency to one of these points is that, the 
impedance being high, it has to be brought down to a 
suitable value to match the valve impedance, and this 
involves the use of a larger condenser as anode tap, with 
a consequent greater immunity from harmonics. The 
Rugby circuit has proved to be relatively free from 
harmonics so that the introduction of a larger condenser 
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would not be of great value, but there might be cases 
where it would be useful in suppressing harmonics. 
The circuit must of course be specially designed to 
utilize the high-impedance points. Where either of the 
resonance points is used it can be shown that the ratio 
IgfIy is proportional to 4/(Co/C3), which condition is 
different from that considered in the paper. A further 
point of interest in connection with this circuit is the 
question of transient oscillations at the commencement 
and finish of a signal. Fig. 18 shows the presence of the 
beats between the two free oscillation frequencies of the 
system at the end of the signal, but not at the beginning. 
The absence of beats at the commencement of the signal 
indicates that both free frequencies, if present, are of 
the same frequency as the signal, and this is probably a 
case of '' partial synchronization '' of the free oscillations 
by the forced oscillation. The two free oscillations 
at the end of the signal are 190 cycles apart and would 
therefore not affect a highly selective receiver set to 
receive the signal. It is also not generally realized that 
if a coupled circuit system be excited with a forced 
oscillation of a frequency the same as one of the free 
oscillation frequencies, then there is only one free oscil- 
lation frequency possible in the system, instead of two. 
This is the case when the system is worked at one of 
the high-impedance points indicated in Fig. 17. When 
this is done the transient oscillations at both commence- 
ment and end of a signal are of the same frequency as 
the signal and affect the receiver equally with the signal. 
The effective decrement of a wireless telegraph trans- 
mitter is affected by factors of this kind. 

Mr. S. Butterworth (communicated): I am par- 
ticularly interested in that part of the paper dealing 
with the design of the transmitting inductance coils. 
It is interesting to notice that the theoretical copper 
losses in the Rugby coil account for 55 per cent of 
the total measured losses at the working frequency. 
We have previously been led to believe that the copper 
losses in transmitting coils form an insignificant pro- 
portion of the total. Unfortunately the data given 
are not sufficiently complete to enable the theoretical 
calculations to be checked. In the theoretical formule 
the overall diameter of the stranded cable plays an 
important part and, as this is not stated, its value can 
only be inferred from the given decrement of the coil. 
Judging by the curve of calculated decrement given in 
Fig. 8, I should imagine that the individual wires of 
the stranded cable are rather fightly packed, and if 
a coil of still lower decrement is required the direction 
in which improvement may be effected seems to lie 
in the increase of the overall diameter of the stranded 
cable. A few rough calculations which I have made 
show that it ought to be possible to produce a practical 
coil using 2187 strands only, which would have a 
slightly smaller decrement than the coil described, this 
result being achieved by a more generous spacing of 
the strands in the cable. 

Mr. E. B. Moullin (communicated) : In connection 
with clause (a) of the specification for power condensers, 
for what reason was a maximum power factor of 
25 x 10-5 selected? Am I to understand that this 
fipure represents the best power factor which manu- 
facturers can produce at present, or could more perfect 
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condensers have been obtained ? A power factor. of 
25 x 10-9 corresponds to a decrement of 78 x 10-5, 
and in Fig. 8 we have an example of an inductance 
with a decrement of 120 x 10-5. Itappears, therefore, 
that only 60 per cent of the whole circuit losses occur 
in the coil. Thus coils have reached a state of per- 
fection almost equal to that of condensers. I think 
some further details about Fig. 5 would be of practical 
utility. Can the authors state in general terms why 
the decrement curve for the coil with 81 strands has 
a sharp minimum, and why the minimum gets pro- 
gressively blunter as the number of strands is increased ? 
For a wire of given diameter, the increment of resistance 
varies sensibly as "n? so long as m is less than a certain 
value which depends on the diameter. When m is 
greater than a certain value the increment of resistance 
varies sensibly as ni, and for intervening values of n 
the increment must be expressed by a Bessel function. 
Does the sharp minimum occur when the strand 
diameter is such that the minimum decrement occurs 
for a value of n intermediate between the limits of 
validity of the n? and nt formule ? If the authors 


can give us a simple criterion for obtaining a flat 


minimum to the decrement curve of a coil of given 
shape and dimensions it would be very useful. 
Possibly this criterion is that the strand diameter must 
be such that the limit of the n? formula is not nearly 
approached at the frequency which gives the minimum 
decrement. I am not quite clear in what way Fig. 6 
shows the advantage of 6 561 strands over 2 187 strands ; 
the two curves seem to be about the same shape, and 
are therefore about equally insensitive to a small change 
of diameter. It is true that increasing the number of 
strands to 6 561 reduces the calculated decrement by 
33 per cent, but if this coil were in the intermediate 
circuit with a condenser having a decrement of 78 x 10-5 
the total decrement would be altered from 178 x 10-5 
to 156 x 10-5, a reduction of only 7 per cent. Was 
this small reduction considered sufficient to justify the 
very much greater expense of making and jointing the 
6 56l-strand cable? I think the measured decrement 
curve shown in Fig. 8 records a very great achievement 
in coil design and manufacture. The Rugby coils have 
a decrement of only about one-tenth that of most good 
and carefully constructed coils. Fig. 8 represents a 
veritable “ low-water mark ” in coil decrements, and 
is a triumph of skill and experiment guided carefully 
by scientific method and calculations : I cannot imagine 
that these coils will be surpassed for many years, if 
indeed they are ever equalled. As I think Fig. 8 will 
remain a monument of what can be done with coils, 
I should like to see recorded a few more details of the 
method of measurement. Was the decrement measured 
by the Pederson method, which would remove the effect 
of condenser decrement, and can the authors estimate 
how much the coupling coil added to the decrement ? 
I cannot find an explicit statement of the decrement 
of the intermediate circuit, except the value 220 x 10-5 
deduced from the oscillograms. Has the decrement of 
the intermediate circuit, free from valves and aerial, 
been measured ? Probably it is the most perfect circuit 
in existence, and it would be useful to know its inherent 
decrement. It is stated on page 304 that the efficiency 
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of insulation of the stranding was 99 per cent; what 
does this figure mean ? Does it mean that in the length 
of cable on one spider there were less than 10 strands 
per 1 000 in contact? I want to raise one point about 
the heavy current discharges through the valve. I 
understand that these discharges are more pronounced 
when using a large bank of valves, and the authors 
suggest that this is because the Rugby station has very 
good voltage regulation. Is it impossible that the effect 
is not due to a single valve, but results from the inter- 
connection of many valves in parallel? Can it be 
proved definitely that these discharges do not occur 
when a valve is tested singly at 15 000 volts supplied 
from a rectifier? The poor voltage regulation would 
of course restrict the discharge and heal it very rapidly, 
but such transient occurences would be recorded by 
a recording ammeter placed in the anode circuit. If 
it has been proved in this way that the discharges do 
not occur when a valve is tested singly, then it seems 
possible that they are due to very high transient 
voltages which sometimes occur when many valves are 
connected in parallel. It scems unfortunate to have 
to reduce the anode potential to 7 kV on a valve which 
will stand more than 12 kV. The oscillograms of 


Figs. 18 to 23 are most interesting and instructive. 


Their chief interest to me is that they give the effective 
decrement of a large transmitter, and such figures have 
been lacking up to the present. Three years ago Mr. 
L. B. Turner read before this Section a paper entitled 
‘The Relation betwcen Damping and Speed in Wireless 
Reception " * in which he showed that the receiver 
decrement limits the possible speed of signalling. In 
the discussion on his paper I attempted to modify 
his formulz so as to allow for the effect of the transmitter 
decrement. I there calculated that if nòT (where T 
is the time of duration of a Morse dot) equalled 2 both 
for transmitter and receiver, then the transmitting 
power would have to be 75 per cent in excess of the 
power required for very slow signalling. It appears 
from Fig. 16 that nóT' = 2-8, and so even at 40 words 
per minute it may well be that the effective power of 
Rugby is reduced by some 50 per cent. I also pointed 
out the great advantage there would be to the shaping 
of the signals if the transmitter decrement could be 
greater during the decay than the rise of current, an 
advantage which is especially noticeable when the 
receiver employs a curbing system suggested by Mr. 
Turner. The keying system used at Rugby, which 
leaves the valves on when the key is up, provides this 
desirable curbing to the transmitter, and seems to 
make it more than ever worth while to use a curbed 
receiver. I also pointed out, with a diagram, that 
much better shaping and more correct morse could be 
obtained if the morse dot were shortened: this desirable 
result is produced by the Creed key, as shown in 
Fig. 21. The figures for the strength of signals received 
at Houlton (Maine) and at Washington are very sur- 
prising. The distance to Washington is only some 
300 miles greater than to Houlton, and yet the signals 
are less than one-quarter the strength. Are these 
figures single observations or the mean over a consider- 
able period ? If the figures are representative values, 
* Journal I.E.E., 1924, vol, 62, p. 192. 
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they do not increase the hope of ever obtaining a useful 
formula of the Austin-Cohen type. I have a few 
comments to make about the derivation of formule 
in the Appendix. In deriving the formula for type A 
circuit I do not see why the decrement of Xo should 
be ignored: if it is taken into account then formula (18) 
will be correct, to within about 0-1 per cent, if 6, is 
replaced by 6, the decrement of the whole circuit. 
This alteration makes the improvement of type B over 
type A circuit slightly greater than the authors suggest, 
because 6, is smaller than 6. The formula for Rey 
in type D circuit seems to be slightly incorrect. In 
this formula Z, cannot be represented by the complex 
quantity stated, because a resistance term should be 


real, i.e z? = xz + RÈ. I think the correct formula 


M*m?* R2 
should be Ray. = Ry + ETE 
reappears in (Hey), which is said to be less than fy. 
The error is corrected if the negative sign is changed 
to a plus, and no final error results because the faulty 
term is rejected as insignificant. I suggest that the 
authors should state explicitly that each circuit is 
tuned separately to the supply frequency*: this con- 
dition is not quite that which makes the whole system 
a stopper circuit in the anode circuit of the valve. 
The difference between the two systems of adjustment 
is actually very small in this case, but with the very 
small] decrements here employed a slightly tighter 
coupling would result in the anode current having an 
appreciable quadrature component. 

Mr. R. M. Wilmotte (communicated) : I am par- 
ticularly interested in the comparison of the calculated 
and measured decrements of the aerial tuning induct- 
ance. Mr. Warren has already remarked on this point, 
and has suggested a method of measuring the resistance 
free from dielectric losses, with the exception of that 
in the immediate neighbourhood of the wire (where, 
incidentally, a large part of the dielectric loss may lie). 
A similar method has already been used by H. 
Abraham,f but very little appears to have been pub- 
lished on it. Two years ago when I was endeavouring 
to obtain an absolute method of measuring high- 
frequency resistances of small coils I tried variations 
of this method, but failed to obtain the requisite 
accuracy. I eventually adopted a totally different 
method.[ This led me to estimate errors of ordinary 
methods of measurement, and as a result I measured 
a few single-layer coils of low resistance built on a 
minimum of dielectric. The results were about 10 per 
cent too high according to calculation from Butterworth's 
formule, a figure which appeared too large to be 
accounted for by dielectric losses. Butterworth has 
published $ tables of comparisons of a number of coils, 
from which it is seen that measured values are from 
10 to 15 per cent higher than calculated ones and, 
within this limit, the formule appear to hold for all 
shapes of coils and at all frequencies. In the aerial 
tuning inductance coil at Rugby there does not appear 
to be sufficient solid dielectric in the neighbourhood 


The same slip 


* Since added for the pora 

t L. Brittouin: Bulletin de la Société Française des Electriciens, 1919, 
vol, 9, p. 555, 

3 Proceedings of the Royal Society, A, 1925, vol. 109, p. 503. 

$ Experimental Wireless, 1926, vol. 3, pp. 315, 419 and 489. 


to account for discrepancies of the order of 100 per 
cent as shown in Fig. 8, unless at the high voltages 
used the dielectric losses increase far more than we 
expect. I should be very interested to know whether 
these measurements were taken with large currents 
(and therefore large voltages), also what method was 
used and whether the effective resistance of the con- 
denser was allowed for, and, if so, how this was estimated. 
The authors have probably considered possible causes 
for this discrepancy, and it would be of considerable 
interest to hear their views on the subject. 

Messrs. R. V. Hansford and H. Faulkner (in 
reply ): We should like to express our pleasure at the 
kind reception given to the paper, the complimentary 
remarks of Mr. Turner, as a Member of the Wireless 
Commission, being particularly gratifying. 

The use of capacitative anode coupling is exemplified, 
of course, in the well-known "''Colpitts " circuit. It 
is also used in the Rocky Point radio telephony trans- 
mitter, and its advantages, from the point of view of 
harmonic elimination, are referred to but not elabor- 
ated by Oswald and Schelleng.* Mr. Turner and Mr. 
Moullin both refer to the interesting question of the 
limitation of speed of working at the long wave lengths 
and the possible use of ‘‘curbing.’’ Oscillograms taken 
at the station indicate that the current in the aerial can 
just rise to its maximum value at a speed of 80 words 
per minute. This would be regarded as the limit of 
speed from the transmitter point of view. Under these 
conditions, however, the shaping of the signals would be 
much better than those shown for the condition 
nóT = 2 in Mr. Turner's paper. The fact remains, 
however, that the receiver design has to be very care- 
fully considered if full advantage is to be taken of the 
power transmitted from the station. 

As regards the suggestion of Mr. Turner to increase 
the signalling speed by changing to type '' E" circuit and 
increasing the coefficient of coupling k, we do not think 
that any real advantage can be gained in this manner 
since the rise and fall of the currents in coupled circuits 
of this nature depend principally on the decrements of 
the component circuits and not to a great extent on the 
coefficients of coupling where these are small. Thus, 
for example, Pierce 1 shows that the decrement of the 
two free oscillations in a coupled circuit of the propor- 
tions here being considered are 


ES PES 
arte I Tk) 


Oscillograms taken at Rugby show no measurable 
difference in the rate of rise of the aerial current for an 
increase in coupling of 40 per cent, which was the 
maximum coupling immediately available for which the 
necessary circuit adjustments could be made. 

The rejector type of circuit for the reduction of 
harmonics mentioned by Mr. Shearing is interesting, 
but does not appear to have any advantages over 
type “ B ” circuit from the point of view of the elimina- 
tion of harmonics. In order that the condition 
L,/L = (La + Lo)Lo should be fulfilled, L must be 


* Proceedings of the Institute of Radio Engineers, 1925, vol, 13, p. 313. 
f Loc. cit. 
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less than Lg. Thus, taking as an example the case 
defined by the following values, frequency = 16 000 
cycles, output = 540 kW, resistance = 1 ohm; Lo 
would be 93 uH. L must therefore be less than this 
and consequently C greater than 1-2 pF in order that 
the condition should be fulfilled. Since for the same 
conditions of operation the value of condenser required 
in the case of type '' B” circuit is approximately the 
same, there is no theoretical advantage in the circuit 
suggested, and there is a very real practical disadvantage 
in having an additional circuit to tune, and in having 
to provide an extra inductance:coil L instead of pro- 
viding slightly more inductance in Z,. 

With regard to the question of relative costs of 
2187/32 S.W.G. cable as against 6 561/30, raised by 
Mr. Shearing, it is clear that the economic advantage 
lies in favour of the larger number of strands, since an 
increase in decrement of the coil of 40 per cent means 
an increase of resistance of 0-04 ohm, and with an aerial 
current of 740 amperes an additional loss of 22 kW. If 
the overall efficiency of conversion from the incoming 
supply is taken as 50 per cent, these additional resist- 
ance losses at 20 hours a day would mean an increase 
in the annual power costs of £1 000, an annual charge of 
the same order as the first cost of the cable. It is our 
experience that properly insulated stranded wire cable 
of 729/32 S.W.G. can be obtained using enamel insula- 
tion only between strands, but that it is much safer to 
provide a silk or cotton covering for each bunch of 
strands, as it appears to be in the later stages of manu- 
facture that the abrasions of the enamel occur. The 
Northolt inductance mentioned in the paper is made in 
this form. 

It is our experience that within rather wide limits the 
geometry of the valve has comparatively little effect on 
the operation of a large power valve amplifier and for 
this reason it was not mentioned as an important factor. 

In order to obtain a flat-topped anode-current curve 
as suggested by Mr. Shearing, using the same value of 
grid swing, it will be found that a minimum anode 
voltage of at least 2 000 volts is needed, the values of 
1 200 V to 1 500 V suggested by Mr. Shearing leading to 
curves of much the same form as those shown in the 
paper. If such curves are plotted it is found that 
although the anode losses are nearly doubled the input 
is increased in very much less proportion, and that 
only a slightly increased output is to be gained at a 
much reduced efficiency. Since a larger emission is 
also required it is thought that there is nothing to be 
gained by this method of working from an economic 
point of view. There appears to be no doubt that the 
discharge effect which has been described is not due to 
the " blocking” phenomenon mentioned by Mr. 
Shearing, and, as he points out, the conditions outlined 
as being necessary for the effect to take place are not 
present in the Rugby installation. The discharge 
effect does occur when the maximum grid positive 
potential is considerably less than V,. It is pointed 
out in the paper that from the point of view of these 
discharges the rectifier unit has an advantage over the 
d.c. machine. The latter has, however, other very real 
advantages, principally from the point of view of 
maintenance costs, which must not be lost sight of in 


assessing the general relative merits of the two means 
of generation of e.h.t. direct current. 

Mr. Gossling's remarks regarding the increased life to 
be obtained by under-running the filament are of great 
interest and economic importance, and we have borne 
this point carefully in mind for a number of years. In 
actual practice at Rugby it is found possible to reduce 
the filament voltage by about 5 per cent below the 
rated voltage ; the full advantage which is indicated by 
Mr. Gossling is not obtained over the “ rated life ’’ but 
over the life which would be expected if the same 
output were obtained at the same anode voltage by 
operating the circuit in accordance with Case I, and to 
do this would necessitate an increase in filament 
brilliancy above the rated value. 

Itis thought that the valves for which the charac- 
teristics are taken are particularly free from secondary 
emission and, while the grid current characteristics 
may possibly have been extrapolated slightly beyond 
the actual observed values, there was certainly no 
indication on the oscillograms of the effect mentioned. 

The non-saturation of the filament on the anode 
current characteristics is explained by the fact that 
these were taken at rated filament voltage of the par- 
ticular valve used, whereas in actual practice, after 
obtaining a satisfactory adjustment on the transmitter, 
the filament voltage is reduced almost to the point at 
which the output begins sensibly to decrease. 

Mr. Gossling's remarks about the “ discharge effect ” 
are exceedingly interesting, and it would appear that 
the effect upon which he has been working may have 
a bearing upon that experienced at Rugby. It 
would seem, however, that some secondary action is 
brought into operation, probably on account of ioniza- 
tion due to intense local heating. In this way it may 
be possible that discharges which are normally too 
minute to be readily detected are brought prominently 
to notice. 

With regard to the very destructive effect of a dis- 
charge of 400 amperes, it is thought that the answer 
is, as Mr. Gossling suggests, that the bulk of the energy 
is dissipated in the leads, coils, etc., through which the 
current passes. In this connection it may be of interest 
to state that the effect does not always have the 
destructive results mentioned and that they do not 
occur at 7 000 volts, the normal working voltage of the 
valves in the telephony set. That a harmless discharge 
does at times pass has been shown by a device adopted 
by us during the testing period; this device consisted 
of spark-gaps of about 0:6 mm connected between 
adjacent anode jackets of the valves in the panel. A 
discharge causes a drop of voltage in the relay and 
stopper circuits of the particular valve and so creates 
a difference of potential between neighbouring jackets 
which causes a spark to pass. Occasional sparks do 
occur across these gaps at rare intervals without operat- 
ing tlie relative relay or aflecting the operation of the 
main set in any way. 

The examples of working sets quoted are interesting 
but not conclusive, since the capacity of the machines 
at Rugby is, on a very conservative rating, 1 000 kW, 
ie. more than three times those at Carnavon. We may 
say that there is no direct evidence of the effect on 
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the same valves at Northolt, where a 60 kW rectifier is 
installed. 

Since the reading of the paper, experiments on a 
20 kW valve set supplied from a rectifier have been 
carried out with the object of demonstrating that dis- 
charges (which would, under normal operating condi- 
tions, pass entirely unnoticed) actually do take place on 
such sets. Two methods have been adopted :— 

(1) The insertion in the h.t. direct-current supply 
circuit of a carefully calibrated relay capable of fine 
adjustment and rapid action. The relay actually used, 
which has been found to be very satisfactory, was 
manufactured by the Igranic Electric Co. and is of the 
type used in the control circuits at Rugby. The dis- 
charge effect is shown by the tripping of the relay at 
irregular intervals, and cases occurred on d.c. voltages 
as low as 8 000 volts. No effect on the operation of the 
set was noticed, with the exception that exceedingly 
close inspection of the d.c. ammeter showed a very 
slight upward kick which would not under normal cir- 
cumstances have been observed. This demonstration 
was not, however, accepted as entirely conclusive as it 
is open to the argument that the setting of the relay was 
so sensitive as to make irregular operation likely. A 
second test was therefore arranged as follows :— 


H.F.choke 
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(2) This method consisted in balancing the steady 
current in the circuit so that any sudden increments of 
current could be shown up on a sensitive milliammeter. 
The circuit is shown in Fig. D. The tests were carried 
out under oscillating conditions, but for the sake of 
simplicity only the essential part of the testing circuit 
is shown. Zero current through the milliammeter is 
obtained under steady conditions by the adjustment of 
R so that the voltage-drop in it is equal to the voltage e 
of the battery. In practice the milliammeter is short- 
circuited until a rough balance has been obtained on 
the ammeter in series with it. The discharge effect is 
indicated by a very occasional sharp flick of the needle 
of the sensitive meter. Since a large number of such 
flicks have been observed without the relay operating 
(the setting of the latter being coarser than in the 
case of the first method) it is thought to be completely 
demonstrated that the discharge effect in a mild form 
is present on a small power set and that under normal 
conditions it would be quite unnoticed. 

It should be added that measurement of reverse grid 
current after the tests showed that the valve would be 
classified as a very hard valve. Observations also 
show that the effect is irregular both in period of 
operation and in amplitude, and that at times it is 
necessary to wait for long periods before the effect is 


observed. It will readily be seen that with 54 valves 
in parallel the probability of a discharge being obtained 
is much greater than with a few valves only. 

We did not intend to paint a black picture and we 
are sorry that Mr. Gossling has gained that impression. 
The fact that the station has a higher value of metre- 
amperes than any other station in the world, gained 
by the use of valves which are giving a very satisfactory 
life, is perhaps sufficient answer to any question of 
pessimism. We merely point out an alternative which 
Mr. Gossling agrees may have very great economic 
advantages, and have endeavoured to interest the valve 
manufacturers and physicists generally in a problem 
which is of real practical importance. We feel certain 
that the Post Office Engineering Department will 
always we'come collaboration in endeavouring to find 
solutions to this and other scientific problems where the 
Joint experiences of manufacturer and user are necessary 
to obtain a complete understanding of the nature of the 
difficulty. 

While we agree with Mr. Warren that the presence of 
gas in the valve would and does cause a very heavy 
discharge of current such as has been described, we are 
reasonably satisfied that this is not the prime cause of the 
trouble under discussion. It is thought that this will 
be clear from the fact that a discharge has been observed 
through a valve of which the filament was cold, the 
vacuum of the valve in question being unimpaired by the 
discharge. The pressure of water used at Rugby is 
about 1 atmosphere, and approximately 2 gallons per 
minute are passed through each valve, although it is 
thought that half this amount would give a fair margin. 
We have never made any attempt to separate the 
external losses from the copper losses of the transmitting 
inductances and we were very interested in Mr. Warren's 
description of the ingenious method used by him, but 
we think it would be impracticable as a method to 
apply to large coils of low total resistance. 

The point raised by Col. Lee as to the possibility of 
working at one of the points of high impedance is an 
interesting one. However, since the use of such a 
System of tuning involves the increase of the anode 
tap condenser it follows that the intermediate circuit 
current must be increased in proportion as the condenser 
is increased, with a consequent increase in circuit costs. 
Further, to tune to a point such as this both the inter- 
mediate circuit and aerial circuit must have resonant 
frequencies different from the applied frequency, and 
tighter coupling would be necessary between the two 
circuits, with a consequent reduction in the harmonic 
filtering. It would appear, therefore, that no economic 
advantage would arise from this method of working. A 
possible advantage of working at one of these maximum 
impedance points is that any variation of circuit condi- 
tions—such as aerial changes with wind—will cause a 
decrease of voltage on the valves instead of an increase, 
but against this must be set the fact that the rate of 
change of impedance is very rapid and there would 
probablv be practical difficulties in tuning the circuit 
to such a condition and maintaining the output constant 
at the required power. We are unable to follow Col. 
Lee in his statement that at this particular impedance 
point the ratio of IJI} is proportional to 4/(C4[C,) 
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and it would appear that this statement involves the 
assumption that conditions which may apply to a 
free oscillation must necessarily apply to the steady 
State of a forced oscillation which is now under 
consideration. 

It was recognized when making the original design 
calculations that an increase in the overall diameter of 
the stranded cable as suggested by Mr. Butterworth 
might lead to an improvement in the calculated decre- 
ment of a coil of the same dimensions, but there 
appeared to be practical difficulties in the realization 
of any improvement by this means, on account of 
the increased distance between the turns and the 
practical difficulties in the production of a suitable 
cable. 

Mr. Butterworth has replied in effect to Mr. Wilmotte 
when he comments on the fact that the theoretical 
copper losses at Rugby are as high as 65 per cent of 
the total losses. We were satisfied at being able to 
make the external losses of the same order as the copper 
losses and we would point out to Mr. Wilmotte that 
receiving coils present a problem rather different from that 
of transmitting coils. It appears to us to be reasonable 
that the external losses of a transmitting inductance 
(the total resistance of which is of the order of 0:1 
ohm) should be larger relatively to the copper losses 
than is the case in a receiving coil in which the latter 
losses are comparatively high. 

We are indebted to Mr. Moullin for pointing out a slip 
in the calculations of the Appendix and the text has 
been corrected ; as he points out, the final result is 
not affected. However, it would appear that Mr. 
Moullin has also been the victim of a slip, and we 
think that the formula for Ry should be as now 
stated in the paper and not as quoted by Mr. 
Moullin. As regards the derivation of the formula 
for type “ A" circuit, the resistance of the aerial 
circuit was taken as a lumped quantity in the main 
aerial branch of the circuit for convenience because it is 
obvious that the resistance of Lọ is small compared 
with La, which again is small compared with the aerial 
resistance. The resultant error is, as explained by 
Mr. Moullin, negligible. 

The power factor specified was the best that could 
be guaranteed by the condenser manufacturers. The 
measurements of the decrements of the coils were made 
by the Pederson electrometer method as modified by 
Messrs. F. E. Nancarrow and I. J. Cohen of the Post 
Office Engineering Department.* The development and 
careful use of this method of measurement was one of 


* Post Office Electrical Engineers’ Journal, 1923-24, vol. 16, p. 71. 


the principal factors in the production of the low- 
decrement coils which have been described. 

The decrement of the intermediate circuit has been 
measured as 0-0051, but this figure is open to some 
doubt on account of the difficulties of measuring 
resistance of such an extremely small value. The 
decrement as calculated from oscillograms is given on 
page 310 as 0-0022. The real value is probably between 
these two values. . 

The advantage of the 6 561/36 cable as compared 
with 2187/36 arises from the existence of a lower 
minimum because the coils were designed for a com 
paratively small range of frequencies, and the economic 
advantage has already been dealt with in our reply to 
Mr. Shearing. The efficiency of the stranding was 
tested by a systematic contact test and the figure of 
99 per cent means that only 1 per cent of the total 
number of strands tested showed signs of contact with 
any other strand. 

The calculations of decrement of Fig. 5 were based 
on the formula of Mr. Butterworth * and we would 
refer Mr. Moullin to the original paper for any general 
formule or criteria as this is too big a question to be 
dealt with here. Speaking generally, the resistance 
term involving ft does not have any effect on the shape 
of the decrement curve if the term z'of Butterworth 
[ie. 830/4/(rÀ), where r} = d.c. resistance per strand 


in ohms per 1 000 yards] is less than 1, and the diameter 
of strand should be selected accordingly. This condi- 
tion applies to the curves of Fig. 6 for 243 and 729 
strands and also for 81 strands beyond the minimum, 

s ) 
A 
where b depends on the shape of the coil, the number 
and gauge of the strands. The sharp minimum for 
81 strands is due to the relatively large value of b; for 
a given shape of coil this term can be decreased by 
increasing the number of strands with a consequent 
flattening of the minimum. The transition from the 
condition where the increment of resistance is propor- 
tional to f? to that where the increment is proportional 
to ft is indicated by the maximum for the 27 strands 
and not by the minimum of the 81 strands. The term 
depending on ft is clearly predominant in the case of 
9 strands and the solid conductor. 

The values of signal strength given are the mean values 
of a number of readings, and we think that the only 
conclusion to be drawn is that any empirical formula 
used must have some relation to the geographical 
position of the stations considered. 

* Loc. cit. 
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(1) Motors. 
(A) Direct-current. 


The general design of direct-current motors has been 
stabilized for many years. Recent progress has been 
mainly in standardization of ratings on the B.E.S.A. 
specifications, and the manufacture of "''lines" of 
graded sizes and of special-purpose machines. 

Ball bearings are usual in small motors, with a 
tendency to extend their use to larger sizes, for which 
a somewhat tentative trial of roller bearings is being 
made. Both types are superior to plain bush bearings 
as regards frictional losses, economy and security of 
lubrication, endurance, the accurate maintenance of 
air-gap, and ease of replacement. 

Brush-holders have been simplified—standardized to 
some degree. There is a marked tendency to standardi- 
zation of brush sizes, but it has not been carried as 
far as is desirable. 

Standardization of ratings, based on the B.E.S.A. 
specifications and classification into ''open," ''venti- 
lated " and “enclosed " types, relieves the purchaser 
Írom uncertainty as to the relative performances of 
motors offered under similar descriptions. This has led 
to a greater degree of uniformity in external dimensions 
and shape of the different classes. This measure of 
standardization has led to quantity production of both 
carcases and windings, so that within a considerable 
range of speeds and voltages in common use complete 
machines can be supplied or quickly made up from 
stock. Simultaneously there have been developed 
special lines for incorporating into machine and portable 
tools; cranes, hoists and lifts; combinations with 
integral speed-reduction gears; motors for very large 
power and for exceptionally low and high speeds, e.g., 
for large rolling mills at one extreme, and the driving 
of high-frequency alternators for wireless transmission 
at the other. f 

The production of small motors for domestic ap- 


* A review of progress. Reprints in pamphlet form, price 2s. 6d. each, can 
be obtained from the Secretary of the Institution. 


pliances in quantity has greatly advanced. Many of 
these are suitable for either direct- or alternating-current 
supply. 

One of the special lines is motors for the starting of 
motor-car engines. In some cases these are double-duty 
machines, acting as generators for lighting and battery- 
charging while the car is running. The double duty 
calls for special windings and automatic transition from 
one duty to the other. There is not much standardiza- 
tion in this line, car builders and the producers of car- 
lighting sets having a variety of plans affecting both 
mechanical and electrical design. 

The standardization of ratings on a thermal basis has 
recently been the subject of international agreement. 

As regards electrical design, interpoles are now 
standard practice, even in relatively small motors. 
While the advantages of interpoles in securing good 
commutation and eliminating brush-rockers are generally 
utilized, few makers seem to have made use of the 
opportunity they give to reduce air-gaps and save field 
copper. 

Speaking generally, recent progress has put at the 
users’ command, in a wide range of speeds and ratings, 
motors of standardized performance, robust in con- 
struction, requiring but simple attention to secure long 
life, and at the moderate prices corresponding to large-: 
scale production. 

The design of motors for specially exacting drives— 
such as ''inching " for the precise adjustment of the 
driven machine—speed regulation, automatic and 
manual, reversal, and the performance of regular cycles, 
have made considerable progress. Usually the required 
performances are obtained by combinations of windings 
coupled with appropriate control gear. The use of 
interpoles has been of great service in these special 
designs, since it allows of wide variation of armature 
currents without commutation trouble. 

In the various developments for special purposes it 
appears that the qualities of series-wound motors have 
been somewhat overlooked. Shunt motors are fre- 
quently used where series motors would better suit the 
work. 

Forced ventilation is frequently embodied in ventilated 
and enclosed motors by mounting a fan on the shaft 
and carefully disposing air-ways and cooling surfaces to 
promote the dissipation of heat. 

Startors and regulators.—For small and moderate-size 
motors the face-plate or dial types have been stan- 
dardized in robust patterns. The strong, non-rusting, 
resistance materials now available have minimized 
failures. 

The use of drum-type startors and controllers has 
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been extended, especially for use with moderate-size 
motors. The enclosure of all live metal and sparking 
parts in strong cases, the ease of renewing contacts, 
general robustness and protection from dust, fumes, 
etc., are strong recommendations, and general recognition 
of this has stimulated quantity production at reasonable 
prices. : 

For heavy work, and for particular cycles of operation, 
the contactor type has found many applications, in 
many cases with automatic and remote control. Remote 
control, where two or more motors are driving inter- 
dependent machines (e.g. fuel and air supply to furnaces), 
has found many applications. 

For some applications where 2/1 speed ratios are 
suitable, series-wound motors with parallel-series control 
are in use. Finer speed adjustment can be provided 
by field shunting. This type of control is in use for 
hoists, etc., which have to deal with a wide range of 
loads, as it permits of high-speed working with light 
loads, saving time and labour costs, while providing, 
with little or no gearing change, ample torque for heavy 
loads. 

There are available a large range of speed regulators 
for special jobs where starting and working conditions 
are severe or complex. 

Leading makers are now in a position to offer motor 
and controller combinations of proved design to meet 
any probable requirements. The essential point in 
making inquiries is to give full specifications of the 
loading conditions, the cycle of operations, the extreme 
torque and speed combinations, and the frequency of 
starting and any cyclic work. 

Many users of machinery have only vague notions in 
these matters. 


(B) Alternating-current. 


The rapid extension of alternating-current distribution 
has greatly stimulated the demand for alternating- 
current motors. Designers and makers have responded, 
with marked success. 

General design.—As in the case of direct-current 
motors, there has been a marked advance in standardi- 
zation, similar in respect to mechanical details and 
ratings, and accompanied by quantity production in 
graded sizes. The adoption of ball bearings in a.c. 
motors led the way, largely because of the necessity 
for small air-gaps and their rigorous maintenance. 

Quantity production of small motors for light tools, 
domestic applications and the like, has been a marked 
feature in the progress of recent years. 

Single-phase motors. Induction types.—As these motors 
have no inherent starting torque, inventors and designers 
have developed a number of methods of producing the 
phase difference in the currents in different parts ot 
the windings, essential to starting. Those in most 
common use are described below. A recent improve- 
ment in starting power is to give squirrel-cage rotor 
windings a higher effective resistance at standstill and 
low speeds than at running speeds. The principle is to 
use a composite conductor or a double winding which 
will have a higher impedance due to inductance or 
“skin effect ” or position in the rotor iron, at the high 
frequency of the rotor magnetization corresponding to 


low rotation speed. As the frequency falls, so does the 
impedance. It is claimed that these methods give 
squirrel-cage rotors a starting torque equal to that of a 
wound rotor, at a lower cost. 

Single-phase motors with wound rotors combined with 
a graded resistance startor have better starting power 
than squirrel-cage rotors of the simple kind. A tetter 
arrangcment is to use three-phase windings in the rotor 
and to feed the windings with currents having phase 
difference, so producing, in conjunction with those in 
the stator windings, a rotating field. 

Some of these combinations are more fully described 
below in dealing with startors. 


Single-phase commutator motors. 


This type has received a good deal of attention in 
recent years. 

Repulsion type.—The rotors are like direct-current 
armatures, with commutators and short-circuited 
brushes. They have a good starting power. In small 
sizes they can be switched directly on to the supply; 
in larger sizes graded resistances are used. Such motors 
have a “series " characteristic. Speed regulation and 
reversal can be effected by shifting the brushes. They 
are in use for lifts, etc. 

Series type.—These are similar to the repulsion type, 
but the rotor windings are in series with the stator 
through the brushes. The repulsion motor is the better 
machine when starting, the series the better when 
running. Consequently, motors are in use designed to 
start as rcpulsion motors, and when running-speed is 
approached a centrifugal switch opens the short-circuit 
and establishes the series condition. These motors can 
be designed to give a shunt characteristic and are 
reversible by crossing the brush leads. 

Deri tvpe.—This is essentially a repulsion motor. 
Each brush is split into a fixed and a movable part, 
interconnected. Reversal and speed regulation are 
effected by shifting the movable members of the brush 
pairs. This type is used for railway traction and is 
applicable to lifts, etc. 

In large sizes of commutator motors starting and speed 
regulation are conveniently effected by transformer 
tappings giving a series of voltages. Induction regu- 
lators cr graded resistances can also be used. 

Combinations.—ln order to meet the conditions of 
various applications a large number of combinations of 
these types have been designed. For example, motors 
starting as repulsion motors and running as plain 
induction motors, and starting as repulsion motors 
and running as series motors. The use of centrifugal 
switches to make the necessary changes of connections 
is general. 

Some of these combinations are designed to give 
shunt, series, or compound characteristics; and to give 
better power factor than the simpler types. 

Suitable single-phase motors can be found to suit all 
ordinary working conditions. In general, however, 
single-phase motors have drawbacks as compared with 
either direct-current or polyphase motors. Excepting 
in small sizes they are only to be selected where no 
other supply is readily available. Single-phase motors 
have to be larger for their rating because the energy 
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supply is fluctuating, there being two instants in each 
period when the energy supply is zero. 

Universal motors for domestic applications and other 
small powers are series-wound machines with commu- 
tators, which will run on either direct-current or single- 
phase supply. As they are often designed as integral 
parts of the driven machines, the advantage of using 
one design of motor for both kinds of supply in such 
apparatus as vacuum cleaners, Sewing machines, portable 
tools, etc., is the reduction of manufacturing costs. 

The applications of single-phase motors for railway 
traction is a large subject outside the scope of this 
review. 

Three-phase motors. Induction types.—Squirrel-cage 
rotors provide the most robust and cheapest of motors. 
There has been no notable alteration in design in recent 
years; but the variable-impedance winding mentioned 
under the heading of single-phase motors is also 
applicable to three-phase motors for the improvement 
of starting torque. 

Special-purpose designs have been developed in pro- 
fusion, for example, motors of from $ h.p. to 2 h.p. 
for driving spinning frames and looms. Fort such work, 
and for buffing and light grinding machines, the absence 
of commutators and slip-rings, total enclosure, constancy 
of speed, and reasonably high efficiency are valuable 
features. 

For larger powers the startz:g characteristics have to 
be considered. Star-delta, graduated resistances, in- 
duction regulators, and transformer tapping are avail- 
able, but the starting and transition currents are 
inevitably large and of low power factor; hence supply 
undertakings frequently fix a maximum power for 
motors of this type. This may be taken as 400 h.p. 
as a maximum, but much lower limits are often fixed, 
the supply engineers having to take into account the 
mains capacity and voltage disturbance. 

Wound rotors suit drives where the starting resistance 
of the load is considerable or the squirrel-cage size limit 
has to be exceeded. 

At starting, resistances are inserted into the rotor 
winding circuits. At the running speed the slip-rings 
are short-circuited and brushes raised, often by centri- 
fugal switches. 

Three-phase induction motors run at nearly constant 
speeds. À number of fixed running speeds, sub- 
multiples of the full speed, can be arranged for by pole- 
changing switchgear. 

Where two speeds approximately in the ratio of 2/1 
are required, a pair of wound rotor machines in “ cas- 
cade " connection may be used. The rotor of the first 
is connected to the stator of the second, and the rotor 
of the second to a graded resistance. Each motor then 
runs at half speed and full torque. With the two 
stators in parallel the motors run at full speed and 
torque. This is a standard three-phase railway com- 
bination, similar to the series-parallel control of direct- 
current series motors. 

Commutator motors.—These have wound rotors with 
commutators and brushes. Several combinations are 
possible. The main object of these designs is to obtain 
speed regulation, reversing under load, and good starting 
against load; in fact, characteristics to suit the condi- 
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tions of load. Some of these are regularly manu- 
factured, especially some for lifts and hoists. Many 
exacting load conditions have been successfully met. 
Leading makers who have specialized in these directions 
can now meet any load requirements. 

Synchronous motors.—These are inverted alternators, 
requiring a direct current for the excitation of the 
magnetized element, which may be either the rotor or 
the stator. They are suitable where power factor 
correction is required, e.g. at the delivery end of a long 
overhead line or where there is other load producing 
lagging current. 

Where it is necessary to start against appreciable 
load special devices are employed. Starting torque is 
usually obtained by the use of short-circuited '' shading ” 
windings embracing part of the field poles. The motor 
then starts as an induction motor. With proper pro- 
portions the motor will run as an induction motor at loads 
beyond the synchronous breaking-out point. In order 
to correct power factor the motor must have a capacity 
greater than its power output. These motors are 
relatively expensive compared with the induction types, 
but where power factor correction is of value they are 
justifiable. The requirement of very constant speed 
necessitates their use in some cases. A particular 
application of this nature is the driving of gyroscopic 
compasses. 

Synchronous induction motors.—These machines are of 
recent development by several makers whose designs 
differ in detail, but they are alike in their general 
operation. A small direct-current generator is combined 
with the motor and so connected to the rotor windings 
that these act as field coils. The motor is run up as 
an induction motor, and as speed approaches syn- 
chronism the exciting current is switched on and pulls 
the machine into synchronism. The power factor can 
be regulated by adjusting the excitation. If overloaded 
as a synchronous motor the machine runs on as an 
induction motor at reduced speed, and automatically 
regains synchronous speed and characteristics when 
the load is reduced. The particular merit of these 
motors is that they can be run at unity power factor, 
and as some of the virtues of both pure synchronous 
and induction motors are combined, and some of their 
inconveniences avoided, thev are very attractive for 
many applications. One of the conditions indicating 
the choice of the tvpe is the case where the fluctuations 
of the driven load compel the use of a motor con- 
siderably larger than necessary for the average load. 
This involves with the induction motor a low average 
power factor, which is worst at low loads. With the 
synchronous induction type the power factor can be 
kept up to unity for full load, and at low loads a leading 
current may be made available for the correction of the 
power factor of other motors. Under the usual supply 
tariffs which penalize low power factor this feature is 
decidedly valuable. 

Agricultural-type motors.—The extension of electricity 
supply to rural areas on the Continent of Europe has 
led to the standardized manufacture of special types of 
motors for farm use. 

The majority are of 5 h.p. or less, and are wound for 
three-phase working at standard frequencies and distri- 
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bution pressures. They are totally enclosed, with 
startor and circuit breaker built into the casing. As 
they have to work in the open, in dusty and foul 
atmospheres, and with artificial manures, etc., they 
have ball bearings, so that lubrication is needed only 
at long intervals. In addition they are portable, as 
they are intended for use in different places and for 
various purposes on a farm, and some are provided 
with integral speed-reduction gears to dispense with 
belt drives. 

Most are of the squirrel-cage type with plain star- 
delta startors, sometimes with centrifugal clutches. 
Where starting conditions are exacting, wound rotors 
with automatic brush-lifting and short-circuiting devices 
are available. 

The general idea of the design is that the motors 
must be adaptable to all the small power uses of general 
farming and for use by unskilled persons, and that they 
must be reliable with a minimum of attention. 

For thrashing and ploughing, calling for from 25 to 
40 h.p. and upwards, the equipment is usually adapted 
to work from high-tension lines through a portable 
transformer and a trailing cable. There is some 
development in progress of smaller ploughing equipments 
for single-furrow work, within the reach of individual 
farmers and market gardeners. 

Manufacturing costs and prices.—The selling prices of 
alternating-current motors have fallen a good deal in 
the last few years in consequence of the increasing 
demand and quantity production of standardized 
components. Progress in this direction is seriously 
obstructed by the multiplicity of frequencies and 
distribution voltages in use in Great Britain. Frequency 
governs speed and the proportions of the iron circuit, 
so that for the same voltage and power but different 
Írequencies the iron dimensions and slotting and the 
maximum speeds are different. Voltage governs the 
windings for a given frequency, speed and power; and 
frequency governs the windings for a given voltage, 
speed and power. 

The permutations and combinations of frequencies 
and voltages required in this country do not allow of 
standardized quantity production even of components 
which can be assembled to suit the combinations: and 
effective standardization of these supply conditions must 
precede the production of motors at minimum costs 
and prices. 

Startors and vegulators.—There have been many 
improvements in the design of startors and regulators 
for all kinds of alternating-current motors. One general 
feature is the assembly of all the parts in a totally 
enclosed casing, including circuit breakers and instru- 
ments. For large powers and high voltages these may 
be oil-immersed. Automatic or manual means of 
reducing the sensitivity of the circuit breaker during 
the starting period is usual. Speed regulators for 
operating pole-changing connections are available in 
drum and contactor forms. Remote and automatic 
control arrangements are standardized in convenient 
forms. 

Generally the methods of starting and speed regula- 
tion depend upon the motor construction. The following 
descriptions are in general use. 


Single-phase squirrel-cage motors.—The methods all 
involve some kind of '' phase-splitting ” device. Among 
these are :— 

Stator with two windings, one running or main and 
one auxiliary. In starting, the two windings are in 
parallel with different kinds or values of impedance 
(e.g. resistance and choker, or choker and condenser) in 
series with each ; or in series with different impedances 
in parallel with each. In both cases the effect is to 
produce a phase difference in the windings which are so 
disposed as to produce a rotating field in the stator. 
Or the two windings may have such resistance and 
inductance values as to produce a phase difference 
without external additions. On  attaining working 
speed, the auxiliary winding is cut out, often by a 
centrifugal switch. For small motors the startor 1s 
often only a switch, the operations being automatic. 

Another method is to insert a short-circuited 
“ shading " winding covering a part of each pole-pitch ; 
the induced currents in the shading winding give the 
rotating field effect in combination with those in the 
main winding. 

These simple methods are chiefly used for small 
motors not required to start against an appreciable 
load. The starting torque can be improved by one of 
the composite, variable-impedance rotor windings above 
described. 

A variant of the phase-splitting devices, known as 
“ monocyclic,” is applicable to motors with three-phase 
windings. At starting, two of the phase windings are 
in series or parallel with external impedances which 
impose phase differences in opposite senses, and the 
third is connected directly to the mains, so that the 
three mutually phase-displaced currents produce a 
rotating field and starting torque. 

Single-phase wound rotor motors.— With rotors wound 
three-phase, starting resistances are introduced into the 
windings through the slip-rings and are gradually cut out. 
At working speed the slip-rings are short-circuited, often 
by a centrifugal switch, and the motor runs as a squirrel- 
cage motor. One of the phase-splitting devices has to 
be used in combination with the rotor resistance. The 
best combination is the monocyclic parallel arrangement, 
when both stator and rotor are of three-phase con- 
struction ; and the motor may be a standard three-phase 
slip-ring motor. This is of advantage in quantity 
production, as only one design is needed for both three 
phase and single-phase supplies. With single-phase 
motors the power capacity is necessarily lower than 
with three-phase motors, but this is unavoidable with 
any design. 

Single-phase repulsion motors,—Startors may be simple 
switches or may incorporate graded resistances to reduce 
the starting current for small motors. For railway 
traction, transformer tappings are used both for starting 
and for speed regulation. 

Single-phase series motors.—For the small '' universal " 
type available for either direct or single-phase current, 
a simple switch suffices. l 

Repulsion series motors.—These usually have a centri- 
fugal switch to alter the brush connections. 

Special motors.—For such work as lifts and other 
special applications where reversal and speed regulation 
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are necessary, the exact arrangements depend upon 
the tvpe of motor in use. The motor and control are 
parts of one design. For example, the motors in which 
reversal] and speed regulation are effected by brush 
shifting have the shifting movement linked mechanically 
to the other control arrangements, which are often 
complicated by safety checks and/or automatic, semi- 
automatic and remote control. 

Three-bhase motors, squirrel-cage type.—These are 
usually started by the star-delta method. Graded 
resistances in the stator circuit are sometimes used 
for large motors in combination with the star-delta 
arrangement, or graded resistances in the stator wind- 
ings alone. Composite rotor windings as described 
above under single-phase motors would improve the 
starting qualities. Small motors of the type used for 
driving looms, etc., where the starting resistance is 
small, need only a switch. 

Slip-ring type.—Graded resistances are used in the 
rotor winding circuits, which may be combined with 
star-delta transition. At running speed the slip-rings 
are short-circuited and the brushes are lifted, often 
by a centrifugal switch. 

Clutches.—To relieve motors of appreciable load 
during the starting period a considerable use is made 
of clutches. The motor is unclutched when starting, 
and when attaining running speed the clutch is operated. 
The clutch must be of a type which allows of some slip 
at first; 
in use. The mechanical clutch of the motor-car type 
is most common. In some cases it is operated auto- 
matically by centrifugal force. 

Synchronous motors.—These are started as induction 
motors by the action of shading short-circuited wind- 
ings. Star-delta transition and/or graded resistances 
are sometimes used. On approaching synchronous speed 
the exciting current is switched on and the machine 
pulls into synchronism, Another method is to use a 
jockey motor (three-phase or direct-current) to run up 
the excited machine to svnchronous speed. This 
necessitates the use of a synchronizer to determine the 
moment for switching on the three-phase current. 

Synchronous induction motors.—As these have a 
strong induction-motor character they are usually started 
as induction motors. The connection of the direct 
current to the field element is often effected auto- 
matically. 

Three-phase commutator motors.—The possible com- 
binations for various purposes do not permit of general 
description. These motors are generally designed for 
special duties, and the control arrangements and motors 
are designed as parts of a whole combination. 

Transformer tappings and induction regulators.—These 
have been mentioned above as methods of applying 
graded voltages in the starting of motors. One form 
of transformer tapping is the use of an auto-transformer 
which is fairly common though perhaps less so than a 
few years ago. As it is cut out after starting, its losses 
are not important and it can consequently be made 
fairly cheaply. Transformers dealing with the working 
current are somewhat expensive additions to the cost of 
a motor, and are consequently only used for starting 
by taps where the supply has to be transformed on the 
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consumer's premises or where there is some special 
reason for minimizing the starting current drawn from 
the mains. 

Induction regulators are also relatively expensive and 
only advisable in special cases of the same kind. 

General.—Many of the starting arrangements above 
described are not novel. Recent progress has been 
largely in the detail design of motors for special charac- 
teristics, which require each its own starting and speed- 
control arrangements. The information given by makers 
frequently omits to describe methods, giving only the 
results. This line of progress has been accompanied 
by the development of control gears compactly assembled 
as units, which accomplish the successive operations in 
correct sequence, frequently with automatic or semi- 
automatic devices of a ‘ fool-proof’’ kind, Provided 
that the load requirements are ascertained, and the 
makers’ claims for the combinations offered are checked, 
this is an advantage to users and their advisers. 

The conditions most likely to give trouble, and there- 
fore requiring the greatest consideration in selection, 
are :— 


Load starting-resistance. 

Sudden changes in load due to the operations of 
driven machines, 

Reversal of rotation, where required, and its frequency. 

Speed regulation, where required. 

Power factor, where load is variable. 

Supply undertaking’s restrictions on starting current, 
and penalization of low power factor through the 
tariff.. 


High-tension motors.—Due to the lower rates charged 
by supply undertakers for high-tension supplies, there 
has been considerable progress in the manufacture and 
use of motors of moderate sizes for direct operation at 
pressures up to 6000 volts and more. With such 
motors the starting gear—as well as the motor— must 
comply with extra-high-tension safety regulations as to 
enclosure of live parts in earthed metal and so forth, 
and with the undertakers' regulations for protection 
against the consequences of faults and improper opera- 
tion of the equipments. These limit the starting 
methods applicable and usually exclude any form of 
speed regulation. 

High-tension motors are mostly used as the main 
prime movers for factories, etc., transforming, convert- 
ing and subdivision of power being arranged to suit the 
users' purposes by themselves. 

The use of such bulk supplies at low prices gives 
different values to efficiencies, power factors, etc., of 
the subsidiary equipment, as affecting running and 
capital costs, which should be taken into consideration 
in the complete lay-out of the establishment. 


(2) TRANSFORMERS. 


Great progress has been made in the design of trans- 
formers of large capacity for high voltages and large . 
transforming ratios. Requirements in these directions 
have arisen from the increased output of turbo- 
alternators and increased transmission pressures. Step- 
up transformers are in effect parts of the generating. 
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units, with capacities of 30000 kVA and over, with 
generating voltages usually between 6 600 and 11 000 
volts, and transmission pressures of from 33 000 to 
220 000 volts. Step-down transformers at terminals of 
transmission lines are of similar magnitudes, though 
there is often subdivision of the line load through 
intermediate tapping branches. 

Increased demands upon distributing systems, and 
large industrial applications, have also stimulated the 
supply of large transformers. 

The increase in output capacity has in several ways 
made great demands upon the skill of the designers. 
Mechanical support of the windings against short-circuit 
stresses has been one of the problems. The limitation 
of such stresses by the designed introduction of re- 
actance can only be carried to a point determined by 
the permissible pressure-drop and magnetizing losses on 
normal loads. One part of the problem is to make 
provision for the taking up of thermal expansion and 
age-shrinking, whilst maintaining support of the wind- 
ings. Satisfactory means, automatic in action, are now 
regular features in large transformers. 

Internal protection against faults between turns has 
been brought to a practical form by the use of current- 
balancing transformers built into the main structure ; 
and there are other methods using external devices. 

Protection against access of humidity by moisture 
interceptors (e.g. calcium chloride) in the vent channels 
has been introduced. 

Dissipation of heat has been another serious problem, 
especially as regards the minimizing of ‘“ hot-spot " 
effects. In large transformers oil circulation and oil 
cooling by either radiators or circulating water are regu- 
lar practice. Circulation is usually automatic on the 
thermo-syphon principle, but pumps are used in some 
cases. Oil conservators to maintain the oil-level are 
usual. 

The sludging of transformer oil has been closely 
investigated, and by a suitable choice of oil, and guard- 
ing against contact with air and bare copper, it has 
been reduced to an effect which is under control, though 
not eliminated. It is important as hindering heat 
dissipation. The effective drying of transformer oil is 
recognized to require a very thorough elimination of 
traces of water, and practical methods have been 
worked out for the purpose. 

The high voltages used have necessitated research 
into insulating materials, winding design, and terminal 
construction. These have led to a diminution in the 
use of organic insulators, such as textile fabrics, paper, 
and the like. In their stead can be used mica, porcelain, 
asbestos and synthetic resin compounds, but for the 
turn insulation cotton has not found a rival and, 
though there has been some increase in safe working 
temperatures, it remains a fact that the deterioration 
of cotton at the working temperature is the measure of 
the useful life of a transformer. Ascertainment of work- 
ing temperatures by imbedded thermo-couples is in use. 

Better qualities of transformer steel, having lower 
losses, have been introduced, and there is hope of 
further improvements as the result of research. 

For all usual transmission and distribution purposes 
oil immersion has become universal. 


Core construction with circular coils has become 
standard practice for large and high-pressure trans- 
formers, for both mechanical and electrical reasons, 
coupled with facility of manufacture. 

The choice between integral three-phase transformers 
and banks of single-phase transformers depends largelv 
upon the cost of spares, but operation conditions for 
and against have to be considered. 

Small transformers for extra-high-tension supply are 
available—e.g. 5 kVA for 33 000 volts primary. These 
facilitate local distribution direct from main trans- 
mission lines—this is important in '' thin ” areas. - 

For regulation, tap-changing switches contained in 
the transformer tank are now common. Some of these 
can be operated under load to meet the requirements 
of local voltage regulation. 

There has been a considerable development of designs 
of distribution transformers with winding schemes to 
suit 4-wire distribution, to minimize the effect of un- 
balanced phase loads, to suppress triple-frequency 
effects, to permit of '' open delta " supply and so forth. 
The permutations and combinations of star, delta, 
zigzag, and tertiary windings for these and kindred 
purposes permit of a wide choice to suit local distn- 
bution conditions; the consequent permissible and 
non-permissible cases of connection in parallel have to 
be taken into account. The subject is not suitable for 
summarizing. 

Transformers for special purposes, e.g. for supplying 
rotary convertors, with adequate internal reactance to 
permit of output voltage regulation, for steel furnaces, 
with special safeguards against short-circuit effects, 
have had the attention of designers, with fruitful results. 
For the last-named purpose, shell-type transformers are 
favoured by some designers, an exception to the general 
adoption of the core type. 

Among special designs may be mentioned trans- 
formers for resistance welding, where extremely high 
currents and small voltages have to be provided for— 
these are necessarilv built as integral parts of the 
welders; transformers for arc-welding with approx- 
matelv constant current and variable voltage, in some 
makes provided by adaptations of the original Ferranti 
series lighting transformer (which is still in use in some 
places for street lighting) ; high-frequency transformers 
for induction furnaces; and extra-high-tension trans- 
formers up to 1 million volts for research and testing 
purposes. 

Auto-transformers (single winding) are in use for à 
number of purposes—including motor starting, surgical 
and dental work—e.g. cauteries, drill motors, etc. 

Instrument transformers for use on extra-high-tension 
circuits are barely equal to present-day requirements, 
but improvements are constantly being made in 
reliability and ratio constancy. 

Transformers for X-ray work and some other purposes 
of a medical kind have become commercial articles, 
these and the high-frequency transformers for wireless 
work present special problems which have been met to 
a practical degree; these divisions of the subject 
are rather beyond the scope of this review, but it 
might be considered incomplete if they were not 
mentioned. 
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(3) CONVERTORS AND RECTIFIERS. 


The rapid spread of alternating-current supply, and 
other circumstances, have led to an increasing demand 
for, and corresponding progress in the provision of, 
rectifying appliances suitable for various purposes. 
These purposes may be conveniently divided into those 
requiring '' large " and “ small " outputs. 

The “large” outputs include such things (besides 
traction, which is outside the scope of this review) as 
electrolytic furnaces and refineries ; motors for purposes 
where direct-current characteristics are essential—in- 
cluding Ward-Leonard and booster control—and lifting 
magnets. 

The “small” outputs include electroplating and 
typing; arcs for projection and photographic work; 
battery charging; wireless transmission; X-ray and 
medical appliances ; high-voltage testing and research. 

Perhaps a better dividing line would be between uses 
where skilled attention is available, and where such 
attention is not economically possible, which is not 
altogether a question of the magnitude of the purpose. 


Large outputs. 


Rotary convertors.—The design of rotary convertors 
for the standard frequency of 50 periods has advanced 
to a fairly satisfactory solution of the difficulties of 
commutation sensitivity and instability which were 
marked a few years ago. Railway engineers are some- 
what reluctant to express themselves content, but 
traction service makes severe demands on any plant. 
It is advisable, however, in specifying rotary convertors 
for heavy electrolytic furnaces and the like to obtain 
assurances of performance on fluctuating loads, and in 
respect to voltage regulation. Power factor can be 
made unity or leading. 

The output voltage has a fixed relation to the input 
(a.c.) voltage, with some small range of regulation. 

The upper limit of output (d.c.) pressure is about 
] 500 volts. 

Difficulties arise where very large currents at low 
voltages are required; in extreme cases these are 
insuperable, and one of the other forms of convertor 
has to be taken. 

Good progress has been made in automatic and semi- 
automatic control gear, as for automatic and remote 
control of rotary substation equipments, automatic 
synchronizing, and polarity determination. 

Starting may be effected by the means set out for 
synchronous motors if the convertor is designed for 
that method, or by jockey motor, or, if a direct-current 
source is available, the convertor may be started as a 
direct-current motor. The last two methods involve 
synchronizing with the supply. 

Motor-generators and motor-convertors.—There is little 
to report in respect to the general design of these 
machines for large and moderate outputs. As there is 
no fixed relation between the a.c. supply and the d.c. 
output voltages, the motor ends can be run directly 
from high-tension supplies. As against rotary con- 
vertors the cost and space occupation of transformers 
may be saved. The wider range of output voltage 
regulation by rheostat is another feature favouring the 


choice. The machines are somewhat more expensive, 
larger, and less efficient than rotary convertors for 
equal outputs, and they have a lower power factor. 
Where transformers would be essential for rotary con- 
vertors (always on a public supply) the difference in 
cost is reduced, and the other advantages mentioned 
may in any case be worth the difference. 

The possibility of converting in the reverse direction 
afforded by the motor convertor is useful in some cases 
where there is battery storage permitting of an emergency 
a.c. supply to other apparatus from the battery. 

For single-phase supply these machines are more 
satisfactory than rotary convertors. 

Mercury-arc vectifiers.—Considerable progress has been 
made in adapting mercury-arc rectifiers to fairly large 
outputs. Records of practical experience are somewhat 
scanty, though promising so far as they go, and include 
favourable reports under the exacting conditions of 
railway traction. 

The substitution of steel containers for the earlier 
glass and quartz vessels has permitted increased capacity, 
reduced breakages, and made the apparatus more 
robust. 

Among details, improved methods of starting (ignition) 
and maintenance of the vacuum have been introduced. 
For moderate outputs this type of rectifier is of much 
promise. 

A constant pressure-drop of about 18 volts has to be 
taken into account in calculating the d.c. output 
voltage from the a.c. input voltage, the relation between 
which is fixed. On single-phase supply the d.c. output 
is undulating; on three-phase there is a small ripple. 

Tlransverter.—This is a reversible rectifier which 
has been devised for the purpose of converting large 
amounts of multi-phase energy into extra-high-tension 
d.c. energy, and vice versa, with the object of making 
long-distance d.c. transmission commercially practicable. 

The machine is a combination of transformers and a 
fixed commutator with a set of brushes rotated by a 
synchronous motor. The transformer secondary wind- 
ings are connected inter se and to the commutator bars 
in such manner as to produce on the commutator a 
rotating potential difference ; the brushes rotated at 
the same speed and sense then yield a continuous 
potential difference. Worked in the reverse way a 
continuous supply to the brushes yields a multi-phase 
potential difference at the transformer primary terminals. 

The apparatus is at present in process of large-scale 
development to obtain direct current at voltages of the 
order of those now in use for long transmission lines, 
and the consequential economic and operating advan- 
tages of d.c. over a.c. transmission. Transverters will 
form the links between three-phase generators at the 
transmitting terminals and three-phase distribution at 
the receiving terminals. A pair of transverters may be 
used as a frequency changer. This development (due 
to Messrs. Highfield and Calverley and the English 
Electric Co.) is an instance of recent progress of high 
promise, not yet consummated by practical application. 


Small outputs. 


Rotary convertors ; motor-generators ; motor-convertors.— 
There has been a growing demand for machines of 
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these types for small and moderate outputs, and this 
has been met by makers by the standardized production 
of suitable machines. 

Motor-generators are in greater favour, principally 
because the starting and synchronizing of the other 
types is awkward, as the output is independent of 
the input voltage, and the input and output circuits 
are not interconnected. Higher speeds are available, 
reducing the size and cost of machines for equal outputs. 
Standard motor windings are suitable for either single- 
or three-phase supplies. 

Binary comvertors.—This is a new type, due to the 
ingenuity of F. Creedy. It may be best described as 
in principle a telescoped motor-convertor. The stator 
plays the double part of the stator of an induction 
motor and the field system of a d.c. generator, and 
the rotor the double part of the rotor of an induction 
motor and the armature of a d.c. generator. The a.c. 
and d.c. windings are separate; there is no fixed 
relation between the a.c. and d.c. voltages, the latter 
being under control by field rheostat and compounding 
by means of brush-shifting. The a.c. winding may be 
designed to suit any usual frequency and pressure 
without transformers, and either single- or three-phase. 
Starting is as simple as for a plain induction motor. 
This convertor promises well for many applications and 
it may prove to suit large outputs. It should be said 
that there has not been time to obtain records of 
practical experience from users. 

Mercury-are vectifiers.—This rectifier is rather handi- 
capped for small users by cost and the necessity of 
maintaining the vacuum. It fils, howéver, a useful 
place in the range of pressures and currents rather 
beyond those suitable for other small rectifiers, especially 
as regards pressures higher than those for which small 
generators are satisfactory. The undulating or rippling 
characters in the output have to be taken account of 
in some applications. 

Valve (thermionic tube) rectifiers—There have been 
important recent developments in the application of 
the thermionic valve as a rectifier. The range of 
output has been extended, especially as to high voltages, 
and it may be said that there is no commercial rival to 
the valve rectifier for the production of d.c. pressures 
above about 2 000 volts for currents up to a few amperes. 
The main incentives to this development have been the 
requirements of high pressures for wireless transmission, 
high-pressure testing, etc. 

The rectified pressure is undulating, and, to obtain a 
smooth current, condensers and choker combinations 
have to be used. 

At the other extreme there are now available recti- 
fying valves suitable for charging accumulators at low 
and medium pressures with a few amperes, and for 
supplving the high tension for wireless receiving valves 
requiring a few milliamperes.  Double-anode valves 
which rectify both half waves are among the latest 
designs, Within their range of output valve rectifiers 
bid fair to take a leading place, and the range is likely 
to be extended. No general statement can be made 
as to their converting efficiency. Convenience is their 
principal asset for the applications so far made. 

Vibrating rectifiers,—Vibrating-reed rectifiers are made 


in several patterns. They are inexpensive and perform 
quite wel] with a little simple attention. The use of 
make-and-break contacts in the circuit of the rectified 
currents limits to low values the pressures and currents 
for which they are suitable. Their chief use is for 
charging small batteries, e.g. for motor-car ignition, 
wireless receivers, etc. The contacts are subject to 
wear, adjustment and replacement. The rectified 
current is intermittent. It can be used, among other 
purposes, for induction coils, provided that the winding 
and magnetic circuits are designed for the frequency 
of the current. The design of the coils made for battery 
excitation is not suitable. 

Commwutator rectifiers.—These are commutators run by 
synchronous motors, They can deal with larger currents 
and voltages than can vibrating rectifiers. They are 
much more expensive, and it is only a step from the 
synchronously driven commutator to the rotary con- 
vertor. These rectifiers do not appear to be on the 
market, but they may be found in laboratories. The 
synchronous motor requires an auxiliary exciting direct 
current, and some means of running up to synchronous 
speed. A simple stroboscope makes a good syn- 
chronoscope for the operation. 

Electrolytic rectifiers.— These are also rather laboratory 
than commercial appliances. They are cells containing 
each an aluminiuni electrode and one of another metal, 
e.g. lead, in a solution of a suitable electrolyte. A pair 
of such valves can be used to rectify both half waves 
of a single-phase current, provided that the peak voltage 
per cell does not exceed 80. For experimenta] purposes 
they are cheap and convenient. The best electrolyte 
is a matter of opinion; bi-carbonate of soda and phos- 
phate of ammonia are the most recommended. Both 
the solution and the aluminium are acted upon; the 
solution has to be renewed and eventually the aluminium 
disintegrates. 

The current capacity is only limited by the size of 
the cell and the time it is in use. At a temperature of 
about 80° F. it fails to rectify. 

If the main defects of deterioration could be remedied 
by the use of a stable electrolyte the rectifer might be 
of some commercial value. 


(4) POWER FACTOR CORRECTORS. 


All alternating-current apparatus which operates by 
magnetic induction, and overhead lines (in which the 
magnetic field is in air and its magnitude depends upon 
the spacing, other things being equal), draw from the 
generating plant and mains an out-of-phase, lagging 
current, which is a non-productive addition to the load, 
reducing the productive capacity of the plant affected, 
and increasing the range of regulation required. Power 
factor expresses the ratio of the productive (or useful) 
energy current to the total current. Low power factor 
of consumers’ apparatus is therefore penalized in many 
supply tariffs, as it increases the cost of supply of the 
useful energy. 

The origin of the lagging current is the magnetizing 
current required by motors, transformers, etc. As this 
current is nearly independent of the useful load on the 
apparatus, the power factor of a lightly loaded motor i5 
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lower than that of the same motor fully loaded; a 
careful adaptation of motors to their work and working 
conditions, such that a motor is well loaded as long as 
it runs at all, is good economy. 

Low power factor can be remedied in several ways. 

Static condensers.—A static condenser takes a leading 
current, and if this is equal to the magnetizing current 
of a motor load in parallel the power factor of the total 
demand on the supply is brought up to unity. In 
effect the condenser provides the magnetizing current. 

Static condensers have no moving parts, very small 
losses, consume no stores, and are relatively cheap. 
They are therefore increasingly used as power factor 
correctors, and the demand has resulted in the manu- 
facture of condensers of satisfactory performance, in 
substantial cases, with switches, etc., as commercial 
articles. Usually the most economical pressure is 
about 600 volts. The capacity required to yield a 
given correcting current is inversely proportional to 
the voltage applied, but above the pressure mentioned the 
cost of the insulation increases more rapidly than the 
saving in capacity (microfarads). It is therefore often 
economical to use a step-up transformer to the condenser 
where the supply voltage is much under 600 volts, and 
vice versa. 

Condensers for high voltages should be oil-immersed. 

A given condenser only compensates exactly for one 
value of lagging current, so that on a varying load the 
degree of correction varies. For large motors it is 
practicable to provide separate condensers for each 
motor, so that they are switched on and off together ; 
but for an installation of a number of motors it is 
usually more economically practicable to provide a 
single condenser for the whole, with such capacity that 
it will bring the power factor near unity under the 
average working load. Generally it is not worth while 
to bring the power factor to unity, as the capacity 


required for correcting the last percentage increases 


rapidly as unity is approached. 

For example, for a useful load of 100 kW at 50 periods 
and 550 volts, to bring a power factor of 0°7 up to 0-9 
requires a condenser of 563 pF; to bring it up to 
unity requires 1 071 uF, nearly double. 

Synchronous condensers.—A synchronous motor with 
the excitation above a certain point produces a leading 
current which can neutralize an equivalent lagging 
current. The value of the leading current can be varied 
by excitation adjustment. Such motors are used a 
good deal in the United States for correcting the lagging 
current due to the inductance of long overhead lines, 
and those due to the loads on distributing stations. 
The power of adjustment to suit the load at any time 
is a valuable qualitv for these purposes. Such syn- 
chronous condensers are sometimes also used as motors 
for some constant load, but their full correcting power 
can only be utilized when run light. 

A synchronous motor with some capacity above its 
motor load for power factor correction may be eco- 
nomícally used as a main motor in a factory, etc., 
where there are other motors with lagging current 
requirements, or where the factory is supplied through 
a long overhead line. 

Rotary comvertors,——As these are essentially syn- 


chronous motors on the a.c. side they can be used to 
correct power factor, provided that they have spare 
capacity beyond that needed for their own loads. 

Vibrators.—Since the lagging current of a motor is a 
magnetizing current, the injection of a direct current 
into the appropriate winding at the proper times will 
supply the magnetizing current and suppress the lagging 
component in the supply mains. There are several 
ways in which this can be done. The original is the 
Kapp vibrator, which is a d.c. armature in a field, 
vibrated in synchronism with the motor's requirements 
and connected to the proper windings. Generally a 
separate vibrator is needed for each motor. There are 
other methods. Some of the commutator combinations 
mentioned under the head of a.c. motors are designed 
to provide the magnetizing current—a self-correcting 
arrangement. 

Synchronous induction motors.—These are a variety of 
self-correcting motors, having combined with the motor 
a d.c. generator which at synchronous speed is used to 
make the motor one of the synchronous type. When 
underloaded as such, the machine can supply some 
correcting current for other motors, etc. 

Underground cables.—It should be mentioned for the 
sake of completeness that underground cables, by virtue 
of their capacity, draw a leading current. The magni- 
tude of this is usually not great enough to require 
correction or to correct any considerable amount of 
inductive load. On long lines and at high voltages it 
may, however, have to be taken into account. It can 
be corrected in the converse way to the lagging current 
of overhead lines, e.g. by the use of an inductance of 
some kind. The magnetizing current of terminal trans- 
formers may be arranged to effect the correction. The 
leading current of an underground cable is constant at 
a given frequency and voltage. The lagging voltage of 
an overhead line depends upon the current through it, 
an important difference where cables and overhead lines 
are combined in one system or one transmission. 


(5) MARINE APPLICATIONS. 


Propulston.—The latest British examples of electrical 
transmission between main engines and propellers are 
two vessels built by Messrs. Cammell Laird and Co. 
for the banana trade of the United Fruit Co. (U.S.A.). 
These have four Diesel engines each driving a 500 kW 
d.c. generator for the propelling motors and a 220 kW 
generator for auxiliaries. Auxiliaries include refrigerat- . 
ing plant which serves the whole cargo space. The 
main generators are arranged in series, so that the 
voltage applied to the propeller motor may be varied 
from 220 to 880, according to the number of engines 
running. Intermediate voltages are provided by field 
regulation. 

The propeling motor is a twin-armature machine 
rated at 2 500 h.p. at 95 r.p.m. (full load). Control of 
the motor is by generator excitation. Both the main 
generators and the motor are separately excited from 
the auxiliary sets, so that reversal can be effected by 
reversing the generator voltages. 

The control is effected bv a single lever which operates 
a reversing potentiometer rheostat in the generator field 
circuit through motor-driven gear with a “ follow-up ” 
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and stop arrangement similar to that used for steering 
gears. This method avoids the breaking of any current- 
Carrying circuit for either reversing or speed regulation, 
and secures the correct rate of change, irrespective of 
the operator. The control lever is in the navigating 
position. The engine-room staff has no concern with 
the control. 
| Compared with similar vessels equipped with either 
triple-expansion or steam-turbine electric propulsion, the 
oil-fuel consumption for propulsion is 134 tons per day, 
instead of 31 tons. The main source of the saving is 
evidently the superior efficiency of Diesel engines over 
boilers and. steam drives. The real benefit of the 
electrical transmission is that it allows this economy 
to be realized without the complications and loss of 
manceuvring power associated with Diesel engines fitted 
for reversing and speed regulation. For the particular 
trade there is also a valuable saving of cargo space by 
the suppression of the shaft tunnel and the necessary 
means of access to bearings. The large auxiliary 
requirements for refrigerating also favour electrical 
transmission and the use of the main engines for its 
provision. 

There has been more activity in the United States in 
electrical propulsion; the same general lines of d.c. 
generators and direct control from pilot house by 
excitation of the generators appear to have been 
followed. 

Among recent examples are a 7 600-ton tanker, 
dredgers, fireboats, and tugs. All these are special- 
purpose vessels, where either or both a large amount 
of power other than propulsion, and high manceuvring 
Capacity are required. 

The special requirements of warships, such as low 
cruising and high action speeds, seem to be well met by 
electrical transmission for propulsion; and there are 
some examples afloat which have been well reported on. 

It is beyond the scope of this review to discuss the 
economics of electrical propulsion. In general the 
question is whether the cost of the electrical plant over 
alternative methods of transmission—of which the 
simplest is a plain propeller shaft—is compensated for 
by an increase of net earning power or service capacity, 
and the answer must depend upon the purposes for 
which the vessels are intended. 

In the special case of submerged submarines there is 
no alternative. In this branch there have been con- 
siderable advances in the sizes and submerged speeds 
since the war. This has called for very large accumu- 
lators. The double duty of the motors as motors when 
submerged, and charging dynamos at other times, has 
called for special switching and control gear. Details of 
the technical arrangements are not available. 

Auxiliary purposes.—There has been a very general 
increase of the application of motors to all kinds of 
auxiliary machinery. 

Winches, windlasses, steering gears, hoists for cargo, 
pumps of various uses, ice and refrigerating machinery, 
are among these. 

In general, direct current is preferred, and beyond the 
special protection of motors, controllers, etc., against 
water and weather, the apparatus and methods are 
much the same as for land work of a similar kind. 


The facility of centralizing control of auxiliaries is 
taken advantage of to an increasing extent. 

The driving of generators for auxiliaries is frequently 
by Diesel engines, sometimes by steam turbines. Some 
examples of special work deserve notice. 

Dredger.—Four Diesel engines driving generators of 
2300 kW total capacity. Main pump, 2 700-h.p. 
motors, 500 volts, variable speed. Cutter, 250 h.p., 
275 volts, shunt wound, and swing winch, 75 h.p. 
235 volts, both supplied from a separate motor-generator 
with Ward-Leonard control. 

The main pump has a 30 in. delivery and has delivered 
against a 30 ft. head through 8 700 ft. of piping. 

Fiveboat.—Two 350-kW  Diesel-driven generators. 
Twin screws each driven by a 360-h.p. motor. Fire 
pump driven by a 410-h.p. motor at 1750 r.p.m. 
Propulsion control in pilot house; pump control at 
nozzle-control station. 

Tugs.—Various sizes. Diesel-driven generators of 
from 200 to 600 kW. Double-armature motors 250 to 
575 h.p. One type of boat is double-ended with a 
through propeller shaft. Control in pilot house, arranged 
in form of usual engine-room telegraph. 

Steering gear.—An improved form of Hele-Shaw 
electro-hydraulic gear has been developed, which 
reverses the oil flow through the operating: cvlinders 
instead of reversing the pump, and has other advantages 
such as preventing the transmission of shock from the 
rudder to the gear. The pump is electrically driven 
and the control is electric. 

Electric cooking and heating.— [here has been a con- 
siderable adoption of electric cooking and heating in 
vessels on passenger services. There are special require- 
ments of adaptation to the available spaces, structural 
features, security against movements of the vessel, etc., 
which have been solved with success. 

Generally, the widespread adoption of internal- 
combustion engines has greatly stimulated the applica- 
tion of electricity to take the place of the old-established 
steam-pipe system for all kinds of service. 

Canal navigation.—A number of schemes have been 
proposed for electric haulage on inland waters. These 
include supply from a trolley wire to motors driving 
propellers or hauling on a cable laid in the waterway. 
It does not appear that any of these have been put into 
regular operation. 


(6) ACCUMULATORS. 


(A) Lead—acid batteries. 


Shortened first charge.—It has been found that when 
charged plates are dried in an inert gas the charge is 
retained and the plates are not damaged. Consequently 
the process of forming can be completed in the makers’ 
works, instead of by the long first charge which has 
otherwise to be given atter erection at the place of use. 
A consequent development is the manufacture of 
charged “dry” accumulators which have only to be 
filled with acid to become active. They are said to 
retain their charge for a year in the dry condition. 

Separators.—Separators of inorganic material (e.g. 
glass-wool felt) have been introduced. As they are not 
acted upon by the acid or active plate material, it 1s 
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claimed that they do not deteriorate, foul the solution 
or damage the plates. 

Anti-spray films.—A mineral oil which effectually 
prevents spraying of acid, and does not creep into plate 
material, is now available. 

Special designs.—Recent progress has been mainly in 
the development of designs of cells for particular pur- 
poses. Amongthese are very large batteries for telephone 
exchanges (up to 10 000 ampere-hour capacity), and 
auxiliary supply for generating stations and submarines. 
At the other extreme are cells of a few ampere-hours' 
capacity for wireless reception; high-tension batteries 
up to 10 000 volts designed to avoid surface leakage, 
for testing and wireless transmission. 

‘‘ Featherweight ” batteries for aeroplanes have 
attained the high ratio of 10:4 watt-hours per pound 
of overall weight, with a useful life of about 80 
charge/discharge cycles. These are ''unspillable " in 
any position, a feature applicable to batteries for other 
uses. 

The weight and size of containers for small batteries 
up to 12 cells have been reduced by “‘ monobloc ” 
construction. 

Motor-car and battery makers have agreed on standard 
dimensions for car-starting batteries. 

The Post Office engineers and battery makers have 
agreed on standard plate sizes for telephone exchange 
batteries. 

Battery specifications.—Inquiries for batteries should 
set out the discharge performance required, especially 
the maximum current and the total ampere-hours per 
discharge; the nature of the service; any essential 
limitations of size, space and weight ; and any particular 
requirements such as suppression of acid spray, un- 

spillability and the like. The overall duration of the 
discharge periods and the time and power available for 
charging are also important. The permissible range of 
discharge voltage, and whether the drop during discharge 
has to be made up by the use of '' end cells " or by a 
booster, affect the number of cells required. The use 
of reversible boosters for this and charging has many 
.advantages where circumstances permit. 

The useful life of a battery terminates when the loss 
of active material has reduced its capacity below that 
needed for the service. That loss is progressive and is 
‘greatly accelerated by abuse. For a regular cycle of 
charge and discharge it is well known to the makers 
for each established type, and can be expressed as a life 
of a certain number of defined cycles. For stationary 
batteries in regular use the life is one of several hundred 
.cycles for a fall to 90 per cent of the original ampere- 


hour capacity. Makers will generally accept contracts 
to maintain batteries to 90 per cent of their original 
capacity, under specified working conditions. 

The more closely the performance required of a 

battery is specified, the better able are the makers to 
offer the most suitable type and to give trustworthy 
instructions for its use. 
New makes of accumulators.—From time to time 
new ” lead batteries are announced and claims of 
improved service made. Descriptions, inspections and 
short-period tests permit the formation of an opinion 
on general design, ampere-hour capacity and maximum 
safe discharge rate. But the effective life of a battery— 
always important and often the chief criterion of its 
merits—can only be determined by tests extending over 
a considerable fraction of its useful life. Hence no 
useful opinion can be formed of the merits of new 
makes of lead batteries until they have been put to 
independent life tests. 

The end products and energy relations of the sequences 
of chemical reactions which express the charge and 
discharge of a lead-acid battery have been common 
knowledge for a long time; no important modification 
improving the performance of such batteries is probable. 
The life and capacity qualities which determine the 
value of a battery are mostly dependent upon structural 
features adapted to the service required of it. 
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(B) Iron—nickel—alkaline batteries. 


Recent progress has been in the direction of design 
for particular uses. Among these are omnibus and 
train lighting, vehicle propulsion, and low- and high- 
tension batteries for wireless receivers. l 

The robust mechanical construction ‘and almost 
complete sealing of these cells make them particularly 
suitable for uses where the conditions are somewhat 
rough. 

Among other definite advantages over lead-acid cells 
are the resistance to abuses. The alkaline cell almost 
defies damage by excessive discharge and standing 
uncharged, and seems to be free from progressive 
deterioration. It can therefore be used under conditions 
where a lead battery would require frequent renewals. 

On the other hand it has a low voltage per cell, a 
high internal resistance and a lower intrinsic efficiency, 
and is more expensive for comparable capacities. The 
relative weights and space occupied depend upon the 
service required. 

The two types of accumulators are hardly competitive ; 
they serve different conditions. At present the economic 
field for the alkaline battery appears to be the smaller. 
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INTRODUCTION. 


The fundamental factors underlying the world-wide 
development of electricity supply are five :— 


(1) The increasing dependence of modern civilization 
on mechanical energy and artificiallight, coupled 
with higher labour costs both in industry and 
in domestic life. 

(2) The ease with which electrical energy can be 
transformed into mechanical energy, light or 
heat, and the facility with which it can be regu- 
lated and controlled. 

(3) The high efficiency and low cost at which electrical 
energy can be carried over long distances and 
subdivided among those who wish to use powcr 
—whether in large or small quantities. 

(4) The economy of centralizing the production of 
power from fuel, which has been increased by 
the introduction of the steam turbine and the 
rising costs of coal and labour. 

(5) The possibility, through electrical transmission, 
of making water power and low-grade fuels 
valuable national assets to countries which 
possess them. 


This review deals solely with the third of these funda- 
mental factors. 


* A review of progress. Reprints, in pamphlet form, price 2s. 6d. each, can 
be obtained from the Secretary of the Institution. 


industrial countries. This is due to many causes, 
among which are restrictive legislation, our innate 
conservatism, cheap coal, scarcity of water power and, 
perhaps chiefly, the great development of our industrial 
and city life which took place prior to the electrical 
era. Buteven here the capital invested in the electricity 
supply industry is over £200 millions and probably 
an equal amount is invested in electrical installations 
owned by consumers. Almost the entire growth has 
taken place in less than 40 years and half of it in the 
last 10 years. 

A rough analysis shows that transmission and dis- 
tribution are responsible for about half the capital 
expenditure of the electricity supply industry and 
about one-third of the average total cost of electricity 
to all classes of consumers. The tendency 1s for the 
importance of transmission and distribution to increase 
relatively to that of generation, and estimates of the 
conditions 10 or 15 years hence indicate that it may 
then represent at least half of the average total cost 
to all classes of consumers. The smaller the consumer 
the greater the proportionate costs of distribution: it 
may account for as much as four-fifths of the total cost to 
a domestic lighting consumer, while for a large works 
it may be as low as one-fifth. 

The problem of transmission and distribution is 
much less clear-cut than that of generation, especially 
as regards distribution. The type of plant and its 
arrangement more directly affect the public, the require- 
ments to be met are less clearly defined, and the trend 
of future growth is more uncertain. The various 
branches of the subject merge and overlap, but the most 
convenient subdivision is :— 


(1) Local transmission from large power stations. 

(2) Long-distance transmission from  water-power 
sourccs and remote sources of low-grade fuel. 

(3) Regional interconnection between neighbouring 
power stations. 

(4) Co-ordinative interconnection between neighbour- 
ing areas ef supply. 

(5) Distribution at high voltage to large consumers 
and to local low-voltage systems. 

(6) Distribution at low voltage to small consumers. 


LocAL TRANSMISSION. 


Ata comparatively early stage, difficulties in obtaining 
suitable sites and sufficient condensing water led to 
the erection of power stations some distance from the 
centre of load. This necessitated the abandonment of 
a single voltage for generation, distribution and use, in 
favour of transmission at a high voltage to substations 
feeding the low-voltage distribution networks. The 
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low first cost, negligible maintenance cost and high 
efficiency of the static transformer resulted in the 
universal use of alternating current for such trans- 
missions, and the advantages of the three-phase system 
for both generation and utilization soon made this, 
also, almost universal. As electricity supply began 
in large towns the early transmissions were usually 
underground, the first being that from Deptford to 
London over the 11 000-volt concentric cables built 
by Dr. Ferranti. Many such local transmission systems, 
usually at voltages ranging from 5 000 to 15 000, were 
laid down throughout the world. As the economy of 
concentrating generation became more marked, areas 
of supply expanded, transmission distances increased 
and higher voltages were adopted. For underground 
transmission first 22 kV and latterly 33 kV have been 
widely vsed and, with the increasing density of load in 
the larger towns, still higher voltages are being adopted. 
For example, a considerable underground system is 
operating in the area round Paris at 60 kV, smaller 
systems are in use at 66 kV in Cleveland, Chicago, 
Philadelphia, and Newcastle-upon-Tyne, and at 50 kV 
to 70 kV in various parts of the Continent and else- 
where. Underground transmission at 132 kV is now 
being tried in Chicago and New York. 

Concentration of generation also proceeded in wide 
industrial areas outside the large towns, and for trans- 
mission in such districts overhead lines have usually 
been employed because of their inherent cheapness and 
the ease with which they can be constructed for very 
high voltages. Voltages for such transmissions range 
from 33 kV upwards to 110 kV. In Great Britain areas 
of supply are so small that it is only in a few instances 
that similar development has been possible, particularly 
as legislative and other difficulties have hindered over- 
head line devclopment. In the areas of most of the power 
companies, however, there is 33-kV transmission, while 
in the area of the largest of them a 66-kV system 
has recently been superimposed on the older 20-kV 
System. 


LONG-DISTANCE TRANSMISSION. 


Great Britain.—No examples of long-distance trans- 
mission at present exist in Great Britain and the matter 
is not likely to become important in the future. Water 
power is of small extent, most of the industrial areas 
are situated on the coalfields, and even areas such as 
London which are remote from the coalfields are so 
situated that coal can be cheaply conveyed to them by 
water transport. Asmall 80-mile transmission at 66 kV 
is now being constructed from the North Wales Electric 
Power Co.'s water-power stations round Snowdon to 
Wrexham and Crewe, and there is a possibility in the 
future of a similar transmission from the Grampians 
to the Scottish industrial areas. 
addition of the Severn barrage scheme, this is the 
probable extent of these developments. 

British Empive.—l1n the British Dominions, however, 
there are several instances of such transmission. In 
South Africa the Victoria Falls Power Co. have for many 
years transmitted 40 000 kW to the Rand at 80 kV 


from Vereeniging, 40 miles to the south. This isa- 


case where both coal and water are absent from the actual 


With the possible - 
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industrial area, and economical generation is therefore 
secured by placing the power station on the Vaal River, 
coal being transported to it by rail. This has recently 
been supplemented by a large station, erected for the 
newly formed South African Electricity Supply Com- 
mission, on the coalfields at Witbank, 80 miles east of 
Johannesburg. This is operated by the Victoria Falls 
Co. and supplies their Rand system with 50000 kW 
transmitted at 132 kV. This scheme owes its origin to 
coal being available in the Witbank area at ls. 6d. 
per ton, combined with a limited but sufficient supply 
of condensing water. In Victoria the State Electricity 
Commission have in operation a somewhat similar 
scheme for generating on the Morwell brown coalfield, 
east of Melbourne, transmitting 50000 kW into 
Melbourne over a distance of some 100 miles at 132 kV. 
All these schemes represent transmission of cheap energy 
at high load factor and are operated in conjunction 
with generating stations adjacent to the demand, which 
deal with the low load-factor portion of the load. 

There are also several water-power transmission 
schemes in the Empire, conspicuous among which are 
the Tata transmission from the Ghats to Bombay, 
and the Mangahao and Arapuni schemes in the North 
Island of New Zealand, all of which transmit at 100/110 
kV. The extensive system of the Ontario Hydro- 
Electric Commission, which comprises 900 circuit miles 
of 110-kV lines and draws its supply from Niagara, is 
partly a transmission scheme but is closely allied with 
a general distribution network, covering the industrial 
parts of Ontario. The Irish Free State is now con- 
structing a scheme to utilize the water power of the 
Shannon, which includes transmission at 100 kV from 
Limerick to Dublin and Cork, over distances of 110 and 
60 miles respectively. From these points a network 
of some 1200 miles of secondary 35-kV transmission 
lines will cover the whole country. 

Foreign.—Transmission schemes outside the Empire 
—mainly associated with water power—are too numerous 
to detail. Chief amongst them are the Big Creek 
transmission of 200 000 kW over 240 miles at 220 kV 
into the system of the Southern California Edison Co. 
at Los Angeles, and the similar Pit River transmission 
over 200 miles at the same voltage into the system of 
the Pacific Gas and Electric Co. at San Francisco. 
Among the older American schemcs is the transmission 
from Keokuk on the Mississippi River over 150 miles 
at 110 kV into St. Louis, and several long transmissions 
at the same voltage in California. In Europe the 
principal transmissions are those from the Alps to 
Northern Italy, Eastern France and Southern Germany, 
from the Pyrenees into Southern France, from the 
brown coalfields of Central Germany to Berlin, the 
160-mile line to Madrid and the hydro-electric schemes 
now under construction in Finland and for the supply 
of Petrograd. Numerous other transmissions are in 
operation in these and in many other water-power 
countries, such as Switzerland, Sweden, Norway, Spain, 
Austria, Mexico, Brazil, Japan and elsewhere, amounting 
to many thousands of miles of line operating at voltages 
from 60 kV upwards. There are 25 000 circuit miles 
of such lines in the United States alone. 

With the unimportant exception of some early small 
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transmissions on the Thury constant direct-current 
system in the south of France, all these transmissions 
have been carried out on the three-phase system. 
Despite certain advantages of direct current as regards 
the transmission line itself, the three-phase system will 
probably continue to be used generally, owing to the 
difficulty and cost of transforming high-voltage direct 
current. The transverter is an attempt to overcome 
this difficulty, and possibly its capital cost may be 
reduced sufficiently to make direct current practicable 
for schemes in which it may be necessary to distribute 
small loads over wide areas. Experimental work is 
also in progress with thermionic rectifiers for very 
high voltages. 


REGIONAL INTERCONNECTION. 


The growth of areas of supply which covered several 
towns or industrial areas gradually produced a con- 
dition in which the advantages of concentration of 
generation on one side were overtaken by the costs of 
transmission, thus making it more economical to divide 
the area into sections, each fed from its own station. 
It was early realized, however, that if such stations were 
interconnected by a high-voltage network and their 
operation co-ordinated, the system thus produced could 
operate much more efficiently than a number of separate 
stations. Abroad this led to the rapid growth of under- 
takings with still larger areas of supply formed by the 
amalgamation or unified financial control of large groups 
of adjacent undertakings. In Great Britain such 
development was restricted by our intense individualism 
and fear of monopolies which, combined with the ex- 
tensive municipalization of electricity supply, has 
prevented amalgamation either voluntarily or by legisla- 
tion. The advantages and savings obtained by the 
formation of undertakings covering such large areas 
may be summarized under the following heads :— 

(1) Savings in capital expenditure due to :— 


(a) The ability both to use larger units of 
generating plant costing less per kilowatt 
and to place them on the most suitable 
sites. 

(b) The reduction in total capacity of plant re- 
quired, partly through pooling spares and 
partly through the diversity between the 
times of maximum demand in the different 
districts. 

(c) The ability to extend generating plant in 
closer conformity with the growth of load. 


(2) Savings in operating costs due to :— 


(2) The increased efficiency and the reduced 
labour costs of the larger units of plant 
placed on sites adapted to economical 
generation. 

(b) The co-ordinated operation of plant in the 
different stations so that the more efficient 
the plant the higher is the load factor at 
which it operates. 

(c) The use of available water power and waste- 
heat resources for the high load-factor 
portion of the load. 


(d) The closing down of the less efficient stations 
except at time of peak load. 

(e) The elimination of the higher generating 
costs of small local stations. 


(3) Increased availability of supply in the areas 
traversed by the interconnecting mains. 


Such interconnected systems exist in large numbers 
in all countries and cover areas ranging from a few 
hundreds to several tens of thousands of square miles. 
Occasionally the interconnection between stations on 
such systems has taken the form of direct tie lines, but 
as a rule interconnection is combined with transmission 
so that spare transmission capacity is used for inter- 
connection and vice versa. The most important system 
of this type is that around Chicago which has a capacity 
of over 1 million kW and supplies an area of some 10 000 
square miles, but several other undertakings in the United 
States, also one in Canada and one in Germany, approach 
this magnitude. The largest interconnected under- 
taking in Great Britain is the North-East Coast system, 
which has a capacity of about 250 000 kW and serves 
1600 square miles, but, as already mentioned, such 
systems have only been possible for the power companies, 
and even they have been handicapped by the virtual 
exclusion from their systems of most of the larger towns. 


Co-ORDINATIVE INTERCONNECTION. 


The co-ordination of electricity supply undertakings 
over areas as large as, and even larger than, the whole 
of Great Britain by an interconnected system of lines 
operating at transmission voltages is comparatively 
new. This extended type of interconnection, which in 
the United States has been termed ''super-power,'' is 
a logical development írom the local co-ordination 
of the generating resources of individual undertakings 
covering appreciable areas, which has been found to 
result in such large economies. The benefits are sub- 
stantially the same but amplified in some respects due 
to the wider areas and more diverse conditions ; on the 
other hand the cost is relatively higher for the same 


. Interchange of power, due to the longer distances. Such 


interconnection is growing rapidly as electricity supply 
expands. So far it has reached its fullest development 
in the Middle West, the south-east and Pacific Coast 
areas of the United States, western, central and southern 
Germany, eastern, central and south-western France, 
Italy and Sweden. Active consideration is being given 
to similar co-ordination in the Boston-Washington 
zone of the United States, and the recently passed 
Electricity (Supply) Act, 1926, has for its primary 
object the development of a similar system for Great 
Britain. In view of its immediate importance in the 
future development of electricity supply in this country, 
it will be useful briefly to summarize the form which 
co-ordinative interconnection has alreadv taken else- 
where. 

United States.—In the Middle West it commenced in 
twocentres. The first was the large area round Chicago 
which was originally linked at relatively low voltage 
and is now traversed by an extensive network of 132-kV 
lines. The second area was in the coalfields near Pitts- 
burg where a similar 132-kV svstem gradually spread 
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westwards. These two main groups and several smaller 
ones are now linked up so that there is interconnection 
between stations as much as 400 miles apart and over 
an area larger than England. In the south-east similar 
interconnection exists at 100 kV over an area more than 
500 miles wide in Alabama, Georgia, Tennessee and 
North and South Carolina. In California and Southern 
Oregon co-operation and interconnection has taken 
place between the three largest companies and several 
smaller ones so that there is a single system stretching 
over nearly 1 000 miles, with 8 000 circuit miles of lines 
at 55 kV and above, which generates almost as many 
units as the whole of the undertakings in Great Britain. 
For the Boston—Washington zone a 220-kV network is 
proposed and a small section of this has already been 
constructed. These American developments have been 
entirely conceived and carried out by private enterprise 
and have been facilitated by the freedom of the industry 
from legislative interference. Undoubtedly, however, 
one of the driving forces behind these policies has been 
the realization that, if private enterprise were not suff- 
ciently farseeing to carry through such co-ordination 
by itself, there would have been a strong case for the 
State to step in and do the work. 

Germany.—In Germany large developments in co- 
ordinative interconnection have already taken place and 
further developments are actively in hand. Four 
great 110-kV systems form the chief centres. These 
are the Central German, South German, Rhenish-West- 
phalian and East Prussian zones, and steps are already 
being taken for linking up the first three. The Central 
German zone extends southwards and eastwards from 
Berlin through the brown coalfields and includes the 
whole of Saxony, an area extending 110 miles from 
north to south and rather more from east to west. The 
South German zone covers the whole of Bavaria, 120 
miles by 100 miles, and is intended to be linked with 
the neighbouring systems in Würtemberg and Baden, 
the latter of which joins up with the water powers of the 
upper Rhine and Switzerland. The Rhenish-West- 
phalian zone covers the dense industrial district of the 
Ruhr and stretches southwards nearly 100 miles by 
Cologne and Coblenz to Frankfort, and 70 miles eastwards 
to Cassel. The interlinking of these zones will be par- 
tially at 110 kV, but a 220-kV interstate network is 
also contemplated. The Rhenish-Westphalian zone has 
recently been connected to the South German zone and 
also to the Baden system, while connection with the 
Würtemberg system is now under consideration. Parts 
of these connections have been made by 220-kV lines. 
The area which will be covered by this system is best 
visualized by summarizing the distances between the 
chief centres, Berlin—60 miles—Dresden— 140 miles— 
Munich—110 miles—Basle—150  miles—Cologne— 180 
miles—Berlin. The mileage of 110-kV lines is already 
about 2 000. Most of these developments are the result 
of co-operation between private enterprise, the State 
Governments and the Reich. They are due to the 
general belief in Germany that an extensive national 
programme of electrical development is essential to 
industrial re-organization after the war, and have been 
assisted by appreciation of the value of the national 
resources of lignite and water power. 


France.—In France the chief developments have also 
taken place in four zones. A system, similar to that 
in Western Germany, covers Alsace, Lorraine, the Saar 
and adjacent areas, making use of coal, waste gas and 
water power, including importation from Switzerland. 
It stretches roughly 176 miles from Belfort to Charleville 
and 75 miles from Nancy to Strasburg and will shortly 
be linked with the smaller systems supplying the in- 
dustrial areas of the Nord and Pas de Calais. A number 
of less completely linked systems cover an equally large 
area including Grenoble, Lyon, St. Etienne and Le 
Creusot. These utilize coal combined with water power 
from the Alps and the Central Plateau. The third system 
links up the large stations of Paris with the water power 
of the Central Plateau 280 miles to the south and at 
the same time feeds the electrified lines of the Paris— 
Orléans Railway. It is intended, eventually, to extend 
this system to link up with the second zone, forming 
a single system over 300 miles long by 200 miles broad. 
The fourth system is in the south-west and extends 
from Bordeaux along the district north of the Pyrenees 
to the mouth of the Rhóne nearly 300 miles distant. 
This utilizes the water power of the Pyrenees and is 
closely associated with the electrification of the Midi 
Railway. Smaller systems are developing around 
Nantes and La Rochelle and between Marseille and 
the Riviera, the latter of which will be largely expanded 
in conjunction with the electrification of the P.L.M. 
Railway. These systems already comprise 3 500 miles 
of line operating at 60 kV and above, of which nearly 
] 500 miles is constructed for 110/150 kV, with portions 
designed for ultimate operation at 220 kV. Although 
the State has taken some direct part in the construction 
of these systems it has used its main influence indirectly 
by compelling the electrification of the railways in the 
south and south-east. In order to economize in capital 
expenditure and to reduce their operating costs, the 
railways have wisely sought actively to co-operate 
with existing electricity supply undertakings. The 
objects underlying the State policy undoubtedly include 
those of industrial re-organization and economy of 
natural resources as in Germany, but perhaps an even 
more impelling motive has been, as in Italy, the desire to 
find a substitute for imported coal, thus making the 
country self-contained. This has been emphasized by 
the unfortunate strategical situation of the coalfields 
near to the frontiers. 

Italy.—Italy has no coal and a growing population. 
It was, therefore, one of the earliest countries to 
appreciate that, through electrical transmission, its 
water powers might be utilized to provide power for 
industry. A study of a modern map of Italian trans- 
mission lines will show how great has been the progress 
on the electrical side; the rapid strides in the growth 
of Italian industries are well known. Not only the 
industrial north but the entire country is covered by 
networks comprising more than 6 000 miles of lines 
operating at 50 kV and over, of which one-fifth are 
operating at from 100 kV to 150 kV. There are, in 
addition, some 20 000 miles of line at lower voltages 
used for transmission—as distinct from distribution. 
Many new lines are under construction, some for 220 kV. 
Such development is not restricted to the mainland; 
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in Sardinia a network covers the island from north 
to south; in Sicily there is interconnection between 
Messina and Syracuse which will shortly be extended 
to Palermo, and there has been talk of the possibility 
of alink with the mainland across the Straits of Messina. 

One unfortunate result of Italy’s pioneer work is 
that much progress was made before the importance of 
a single standard frequency became recognized, thus 
making the achievement of complete standardization 
a difficult problem. At present three frequencies are 
extensively used for general distribution, in addition 
to 16 cycles for railway electrification. These are 
50 cycles around Turin, Genoa, Leghorn, Florence and 
Ancona and throughout Sicily and Sardinia, 42 cycles 
around Milan and over the whole area to the south and 
west as far as Bologna, Ravenna, Venice and Trieste, 
and 45 cycles around Rome and throughout the whole 
area to the south. 

Practically the whole development has been carried 
out by private enterprise without much legislative 
interference. In the early days numerous companies 
were formed, some to exploit particular water powers, 
others to distribute in particular areas. Most of these 
have gradually associated themselves into a com- 
paratively few large groups which have co-ordinated 
distribution over wide areas and have co-ordinated the 
generating resources of their constituent companies. 
This grouping has taken place without any national 
plan and, in consequence, there is some overlapping, 
particularly on the generating side, which has been 
accentuated by the different frequencies. As a result 
there are many instances of the transmission lines of 
one group crossing the territory of another group and, 
therefore, some waste of transmission capacity. This 
is realized and has been met to some extent by co- 
ordination between the groups, but the primary purpose 
of such co-ordination has been to pool the Alpine stations 
with those on the Appenines. The former have their 
largest output in the summer when the snow melts, 
the latter in the winter during the rains. The inter- 
connection enables the central areas to supply their 
surplus power during the winter to the north and the 
northern groups to supply their suplus power during 
the summer to the south. The transfers between 
groups operating at different frequencies are partly 
through frequency changers and partly by the use of 
generating plant which can be operated at either fre- 
quency. 

Sweden.—Co-ordination of power resources has been 
carried out in both the central and southern areas of 
Sweden, in the former by the State and in the latter by 
private enterprise. The backbone of the State system is 
a line 300 miles long from a water-power station at Troll- 
hattan, 40 miles north of Gothenburg, viaasteam station 
at Vesterås, 60 miles west of Stockholm, to another 
water-power station at Alvkarleby, 90 miles north 
of Stockholm. The 200-mile section from Trollhattan 
to Vesterás is built for 220 kV but is now operating at 
130 kV. This line links up numerous public and private 
undertakings with each other and with the State water 
powers. In the south the main system, operating at 
70 kV, parallels the coast for over 350 miles, linking up 
three large power companies and also connecting with 


the Danish systems by 50-kV submarine cables across 
the Straits of Oresund. It is proposed that the southern 
system should also have a 220-kV backbone which would 
be continued northwards from Malmo so as to link up 
with the state system at Trollhattan. Further develop- 
ments which are contemplated are a link with the 
municipal system round Stockholm and lines running 
from north to south so that the northern water powers 
may be developed for the supply of the industrial areas 
in the centre and south. 

A somewhat similar development is now taking place 
in the neighbouring country of Finland, linking up 
Helsingfors, Viborg and Abo with water power at Imatra 
by 350 miles of 110-kV line, the greater part of which is 
being made suitable for operation at 220 kV later. 

Great Britain.—The conditions in Great Britain differ 
in many respects from those elsewhere and so, in con- 
sequence, does the policy which the British Government 
has adopted in the Electricity (Supply) Act, 1926. 
Most of the areas of supply are very small, thus making 
co-ordinative interconnection the more essential, but 
the mixture of private and municipal enterprise has 
presented almost insuperable difficulties in achieving it, 
although, with difficulty, some partial progress has 
been made in such areas as south-east Lancashire 
and London where the situation was previously very 
bad. On the other hand, the problem of combining 
such interconnection with large long-distance trans- 
missions does not arise, for the reasons already given. 

The effect of the Act is, briefly, to leave distribution 
toexisting undertakers and to segregate generation under 
a public Board appointed by the Government, but other- 
wise independent. The Board controls the operation 
of those generating stations of the various undertakers 
which are capable of operating economically, closes 
down uneconomical stations, standardizes the frequency 
throughout the country at 50 cycles per second, provides 
the network of interconnecting lines, or '' grid," which 
enables the stations to be operated in the most efficient 
manner as a unified system, pays all costs of operating 
the stations and sells energy in bulk to the undertakers 
at such a price that the Board makes no profit. The 
capital charges and other expenses of the Board are 
thus a first charge on the gross revenue of the electricity 
supply industry. Apart from its primary object of 
assisting industry by placing the electricity supply in- 
dustry in at least as favourable a technical position 
as it is in other industrial countries, it is also hoped that 
the wide dissemination of power through the “ grid” 
may foster rural industries and enable the railwavs to 
obtain the economies of main-line electrification with a 
minimum of capital expenditure. The design and con- 
struction of the '' grid " will be one of the largest inter- 
connection problems hitherto undertaken, and the 
technical details will be awaited with interest. 


a? 


HIGH-VOLTAGE DISTRIBUTION. 


There is a very shadowy border line between trans- 
mission and high-voltage distribution, the distinction 
being largely one of the lay-out of the high-voltage 
system. Where the loads to be dealt with at individual 
substations are large compared with the maximum 
capacity of individual feeders at the voltage adopted, 
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the high-voltage system is more truly an assemblage 
of local transmission systems, since each substation 
requires several direct feeders from the power station. 
On the other hand, when the substation loads are 
relatively small one feeder can deal with several sub- 
stations and is then more accurately described as a 
distributor. It is, therefore, convenient to consider the 
technica] details of the two types of system together. 
The most important developments of high-voltage 
distribution practice have taken place in five directions. 


The first and most obvious has been the improvement | 


of insulation so that by using a higher voltage a larger 
power can economically be transmitted for a given 
expenditure on conducting material; the second has 
been the reduction of the fixed cost of tapping the high- 
voltage system so as to extend the economy of high- 
voltage distribution to smaller and smaller supplies ; 
the third has been the. reduction in the cost of giving 
duplicate supplies ; the fourth has been improvement in 
the means for controlling the large amounts of energy 
set free by short-circuits on large systems; and the 
fifth has been the growth of superimposed systems 
operating at different voltages, due partly to the adoption 
of higher voltages as areas extended and loads increased, 
and partly to the inherent economy of such multi- 
voltage systems. 

The details of these and other developments are best 
summarized by considering in turn the various items 
of plant employed in building up a high-voltage dis- 
tribution system, and, finally, the design of the system 
as a whole. 


OVERHEAD LINES. 


Conductors.—Copper is still the most widely-used 
conductor material, but aluminium, costing rather less 
than twice the amount per unit weight but with 30 per 
cent of the weight and 60 per cent of the conductivity 
per unit volume—i.e. rather less cost for the same con- 
ductivity—would be a serious competitor were it not 
for its lower tensile strength, greater surface exposed 
to wind, and the oxide skin which makes soldering 
difficult and introduces high resistance into contact 
surfaces. The introduction of a composite conductor 
in which high tensile strength is provided by a 
galvanized-steel core which is surrounded and protected 
by aluminium wires has, however, removed most of 
these difficulties. The composite conductor is so much 
stronger than the equivalent copper conductor that it 
can be strung more tightly and thus longer spans are 
possible with the same height of support. The saving 
in the number of supports more than balances the cost 
of making them stronger to withstand the greater wind 
loading on the conductors, and this, combined with some 
Saving on the conductor material, results in some 
economy on the line as a whole. A further advantage 
of aluminium, at voltages of about 100 kV and above, 
is that the larger diameter, as compared with copper 
for a given conductivity, increases the corona limit 
and enables a conductor of lower conductivity to be 
used in cases where corona loss is the limiting factor. 
For these reasons a large proportion of very high-voltage 
lines have been constructed with steel-reinforced 
aluminium conductors using average spans ranging 
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from 800 to 1 200 ft. in level country and up to 1 600 ft. 
in hilly country. This material has not made great 
headway at lower voltages, firstly because it is not so 
convenient as copper to erect and joint—the present 
designs of joints and clamps still give occasional] trouble— 
and secondly because in the earlier lines there has been 
evidence of disintegration, particularly near to salt water. 
It is generally agreed that the latter trouble has been 
due to impurities in the material and will not occur 
with the pure aluminium produced to-day. With 
exceptional lengths of span and sizes of conductor some 
trouble has been experienced with resonant vibration 
at the clamps in light winds. A third conductor material 
which is now being considered is copper alloyed with 
1 to 2 per cent of cadmium. This increases the tensile 
strength by over 80 per cent and, as the conductivity 
is over 80 per cent of that of pure copper and the cost 
very little more, cadmium copper shows considerable 
economy on lines of small and medium sections due to 
the saving in the number of supports. For short 
lines of small capacity for which the design is entirely 
settled by mechanical considerations it is being found 
economical to use galvanized-steel conductors. 
Insulation.—Porcelain is now almost universally used 
for insulation, and the suspension type of insulator is 
not only being used for all voltages above 60 kV but ts 
largely taking the place of the pin type for voltages 
as low as 20 kV. The reliability of insulators has 
been greatly improved by careful selection of materials, 
more even firing, rigid inspection and elastic attachment 
of fittings, and they now give satisfactory service up 
to the highest voltage used. Still greater reliability is, 
however, desirable and also greater mechanical strength. 
Most suspension insulators are of the multiple-disc type, 
using from about 4 discs per string at 66 kV to about 
13 at 220 kV. On very long strings the inequality of 
voltage distribution due to the different capacities to 
earth becomes serious and various methods of correcting 
this have been employed, such as metal rings at one 
end or both ends and discs of varying size. Such rings 
are occasionally used at lower voltages since they also 
minimize the risk of damage to the porcelain when a 
flash-over occurs. Designs of insulator using fewer 
units per string are being tried out in Europe, each 
unit being a porcelain rod with a large metal hood. 
Supports.—The type of support has largely resolved 
itself into widely spaced steel towers for double-circuit 
lines from about 50 kV upwards and for single-circuit 
lines from about 75 kV upwards, while wood poles with 
short spacing are more usual below these limits. The 
higher the voltage and the freer the choice of route the 
more favourable is the case for the steel tower. The 
reduction in the number of insulating points also favours 
the steel tower at high voltages. In Europe narrow- 
base lattice-steel structures with concrete block founda- 
tions are widely used, but in America the wide-base 
built-up structure with earth footings is more usual. 
The latter would seem to be the more economical where 
there is sufficient ground space. The wood poles em- 
ployed abroad are generally untreated or merely butt- 
treated and are used singly, but in Great Britain the 
creosoted built-up '' A ” pole with longer spans is very 
common. The limit to the permissible span with “ A ” 
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poles has hitherto been the overturning moment on the 
foundations. A number of lines have recently been 
erected in which the foundations have been strengthened 
by a special design of the pole, thus allowing the use 
of a longer span, resulting in a cheaper line. 
Regulations and wayleaves.—The ruling design data 
for overhead lines differ widely in different countries 
—partly because of the differing climatic conditions. 
In Great Britain the official regulations of the Electricity 


Commissioners were recently revised in order to bring . 


them more into accord with practical experience and to 
avoid undue cost for the larger lines. For high-voltage 
lines these now specify : 


(1) A wind pressure of 81b. per square foot on the pro- 
jected area of all conductors when covered with 
ice to a radial thickness of half an inch at 22? F. 

(2) Factors of safety, under this loading, of 2 on the 
ultimate strength of all conductors, 24 on the 
elastic limit of steel structures, 34 on wood poles 
and 2} on all foundations. 

(3) Minimum clearances of line conductors at 122° F. 
of 20 ft., 21 ft. and 22 ft. for voltages not ex- 
ceeding 66 kV, 110 kV and 165 kV respectively. 


Practice also differs widely as regards wayleaves and 
rights of way. In Great Britain powers for acquiring 
wayleaves compulsorily were given in the 1919 and 1922 
Electricity Acts, but wayleaves are still expensive and 
difficult to negotiate as compared with other countries. 

Lightning.—In Great Britain lightning, although 
. occasionally troublesome, is not exceptionally severe 
and it is found that sufficient protection is provided if 
overhead lines are terminated by short lengths of under- 
ground cable. In the United States where, in parts, 
lightning is very severe, much experimental work has 
been done, the general eftect of which is to favour operat- 
ing with an earthed neutral and the use of an earth 
wire on the transmission line above the conductors. 
It has been shown that the possible voltage induced by 
lightning is greater the further the conductors are from 
the ground ;: it is also recognized that on the lines of 
highest voltage the insulation is sufficient to withstand 
the most severe lightning surges and on such lines it 
is not usual to employ lightning arrestors. At lower 
voltages, particularly below 100 kV, it is usually con- 
sidered advantageous to use arrestors of the valve type 
capable of a high discharge rate, but it is still somewhat 
debatable whether the value of such arrestors is sufficient 
to balance their complication and cost. An alternative 
form of protection, based on the satisfactory experience 
of terminating overhead lines with cable, is being 
developed in this country. It endeavours to absorb 
the energy of the surge instead of discharging it to earth. 
A different way of dealing with lightning which is often 
adopted on the Continent is to accept the occurrence of 
insulator flash-overs but to suppress them at once by 
one of the methods referred to later in dealing with the 
isolation of faults. 


UNDERGROUND CABLES. 
Underground cables have been a more important 
factor in distribution practice in Great Britain than in 
other countries, due to the difficulties which have 
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arisen in constructing overhead lines in industrial areas. 
There is, however, an increasing tendency abroad to use 
underground systems in the larger cities. 

Construction.—The construction almost universally 
used consists of copper conductors insulated by 
layers of dried paper tape impregnated under vacuum 
with mineral oil or vaseline mixed with resin and kept 
free from moisture by an extruded lead sheath; asarule 
the three conductors for the three-phase system are 
twisted together and covered by a single sheath. The 
use of aluminium does not result in economy, because 
any lower cost of conductor material is more than 
balanced by the extra cost of insulating the larger 
conductor; it is only used occasionally for very high 
voltages as an alternative to increasing artificially the 
diameter of a copper conductor in order to rcduce the 
dielectric stress. There has been joint trouble with alu- 
minium cables due to the high coefficient of expansion. 

In the earlier cables vegetable oils were often used. 
These gave trouble with higher voltages and were 
abandoned many years ago in Europe and somewhat 
later in America. After this change, cable design 
progressed satisfactorily for many years; as manu- 
facturing methods were improved, voltages were 
increased and thicknesses of insulation for a given 
voltage were decreased. Recent experiences have, 
however, indicated the approach of limitations to 
present methods at voltages of 33 kV and upwards. 
Although several hundreds of miles of three-core 33-kV 
cables are in successful operation in Great Britain and 
to a lesser extent on the Continent, it is found that 
unreliable service is given by heavily loaded cables of 
large diameter, particularly when drawn into ducts. 
This experience has been almost universal in the United 
States, where the duct system is used exclusively. 
Sufficient data are not yet available fully to explain 
these difficulties, but ionization in vacuous spaces 
produced by mechanical handling and by heating is 
suspected. Suchspaces are necessarily produced to some 
extent because the lead sheath is easily deformed when 
the cable is bent or drawn into ducts, and it is also sus- 
pected that the expansion of theimpregnating compound 
and paper by the heat from the conductor and dielectric 
losses stretches the lead beyond its elastic limit so that 
it does not follow up the contraction of the insulation 
when the cable loading is reduced. These spaces no 
doubt occur in all cables but only become deleterious at 
high voltages because cables for such voltages must, to 
be economical, be designed for a higher dielectric stress. 
There has been most trouble on thrce-core cables, pre- 
sumably because the lay of the cores and conductor 
expansion produce a tendency for spaces to form 
between the cores where the stress is high. Active 
research is proceeding in all countries and this is taking 
two directions : 


(1) Control of the formation of the spaces so that they 
occur where the dielectric stress is least, com- 
bined withlimitation of the maximum conductor 
temperature, and 

(2) Elimination of the spaces by using a very fluid 
compound maintained under pressure, with 
reservoirs at intervals. 
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The latter method appears to have been applied success- 
fully by Italian engineers to the experimental production 
of 78-kV single-phase cables for operation on 132-kV 
three-phase systems. The first method is being applied 
in various wavs to three-core cables, several of these 
aiming at producing the characteristics of single-core 
cables without sacrificing the economy in sheathing and 
the possibilitv of armouring which is obtained with the 
three-core construction. 

Single-core cables.—Increasing attention is being paid 
to the use at high voltages of single-core cables on 
three-phase systems. By laying them close together, 
bonding the sheaths at frequent intervals and trans- 
posing at joints it is possible to reduce inductive dis- 
turbance and induced voltage to a negligible amount. 
The circulating currents in the sheaths only slightly 
increase the loss with the smaller sizes of conductor; it 
is about 10 per cent of the conductor loss in a 0: 25sq. in. 
cable. Ordinary steel armouring is, of course, not prac- 
ticable and non-magnetic armouring is too expensive, 
so that hitherto they have been laid solid or drawn into 
ducts. Experimental work is in progress with wire 


armouring in which the individual wires are kept | 


separated. With the exception of a few short lengths 
of three-core cable at 55 and 66 kV made in Great 
Britain and Germany, all the underground trans- 
missions operating at 50 kV and above use single-core 
cables. The largest installation is that of the 60-kV 
svstem round Paris, which includes nearlv 450 miles of 
cable forming 150 niiles of three-phase feeders. 

Jointing and laying.—Jointing was formerly a fre- 
quent source of trouble at the higher voltages, but this 
has been eliminated by adopting hermetically sealed 
sleeves of ample dimensions, proper support of the 
conductors and careful filling with a compound which 
does not form cavities on cooling. Most joints have 
additional insulation over each core, in the form of a 
paper tube or specially lapped paper. 

The method of laving cables shows considerable 
diversity in practice. In Great Britain, and in Europe 
as a whole, the greater proportion of multi-core cables 
are armoured with steel wire or tape, protected bv 
compounded tapes and laid direct in the ground. This 
is found to make a very permanent system free from 
electrolytic troubles and having a higher current- 
carrying capacity. On very high voltages the armour 
is also advantageous as a mechanical support for the 
lead sheath. In America the standard method is to 
construct multi-way duct systems, usually of concrete 
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pipes, into which plain lead-covered cables are drawn as . 


required ; armoured cable is still a novelty only used in 
"parkways." Amongst the reasons for this may be: 
(aj Cable systems have hitherto been common only in 
the dense central parts of the towns, (b) excavation is 
impossible in the severe winters experienced in the 
industrial areas, and (c) the rapid growth of load has 
made continuous expansion necessary and has encour- 
aged the policy of transferring the smaller cables to less 
developed areas. 

Considerable advances have been made during the 


past few years in placing the determination of current- | 


carrving capacitv on a sounder basis. This has been 
largely due to the work of the British Electrical and 
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Allied Industries Research Association whose reports on 
the subject have been published from time to time in 
the Journal. 


TRANSFORMERS AND CONVERTING PLANT. 


As transformers and apparatus for converting alter- 
nating to direct current will no doubt be dealt with 
fully in the Review of Plant and Machinery * they are. 
onlv briefly mentioned here. Transformers with oil 
insulation can be built satisfactorily for all voltages and 
in sizes limited only by the transport facilities available. 
Three-phase 50-cycle transformers of 60 000 kVA have 
been built in Germany, and single-phase transformers in 
banks of 60 000 kVA (25 cycles) and 90 000 kVA (60 
cycles) in America. On the larger transformers water 
cooling is still customary, but, where water is scarce, 
self-cooled transformers, at higher cost, have been built 
in units up to 15 000 kVA. A recent development is the 
external oil cooler using a forced air blast as the cooling 
medium. Except in very large sizes, three-phase trans- 
formers are most usual in Europe, but in America 
banks of single-phase transformers are standard prac- 
tice. The probable reason is that, in a developing 
country, where electricity was not competing in its early 
davs with other forms of energy, a three-phase bank with 
a spare for one limb—i.e. four single-phase transformers 
—met requirements. In Europe complete duplication 
was demanded and the lower inherent cost of the three- 
phase unit led to its adoption. The present position in 
America is that the manufacture of single-phase trans- 
formers has become so standardized in the more common 
sizes that the three-phase unit could only become 
competitive by being built in comparably large numbers. 
For many years the installation of transformers out of 
doors has been common abroad, and the high cost of 
buildings is leading to its increasing adoption in this 
country. Abroad it is very usual to mount the smaller 
transformers on the poles carrying the overhead lines. 

For conversion to direct current at medium voltages 
the rotary convertor still holds the field, although 
considerable progress has been made on the Continent 
with mercury-vapour rectifers. For railway work at 
higher voltages the rectifier is a more serious rival and 
is in use up to 4000 volts. In Great Britain and 
Switzerland much work has been done on high-voltage 


. traction rotary convertors and several now in experi- 


mental operation give 1500 volts from a single com- 
mutator on a 50-cycle supply. 

Until recently all substations for converting to direct 
current were manually operated, but the increase in 
wage ratcs has led to the development, first in America 
and later in Europe, of apparatus for starting up, 
shutting down and generally controlling the operation 
of both rotary and rectifier plant. Although designed 
originally to save operating costs, automatic control is 
found in many ways to give greater security than 
manual control under fault and emergency conditions. 
The most recent development is ‘‘ supervisory control ”’ 
in which the operation of a nember of automatic sub- 
stations can be regulated from a central control point, 
so combining the accuracy of automatic control with the 
intelligence of manual control. As showing the growth 

* See page 327, 
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of automatic operation, not only are large numbers of 
tramway and general supply substations operated 
automatically but so are all the substations on the 
170-mile 3 000-volt main-line railway electrification 
recently completed in Natal. 


SWITCHGEAR. 


Switchgear practice is undergoing rapid development. 
There are two main aspects, the design of the circuit- 
breaking apparatus and the design and arrangement of 
the switchgear assembly. 

Circuit breakers.—For small and relatively unimpor- 
tant supplies from systems with a low short-circuit 
capacity, air-break switches and cut-outs are used to a 
limited extent abroad but have not proved very reliable 
in practice and may produce dangerous surges. With 
this exception all high-voltage circuit breakers and 
cut-outs use a liquid medium to quench the arc, and oil 
has so far proved most suitable. There is a possibility 
that some form of thermionic valve may eventually be 
found to be a practicable alternative but, so far, this has 
not got beyond some preliminary experimental work in 
California. Onsystems of medium short-circuit capacity 
the oil circuit-breaker operates satisfactorily, but 
although circuit breakers designed for a short-circuit 
capacity up to 1} million kVA are in use on the larger 
systems, their operation is uncertain and usually accom- 
panied by oil-throwing, while their cost becomes very 
large. As it is difficult to reproduce experimentally the 
onerous conditions under which circuit breakers operate, 
their design has been based largely on data derived from 
imperfect observation and analysis of operation under 
working conditions. This has led to divergent views on 
such fundamental questions as speed and number of 
breaks, volume and head of oil, rigid versus flexible 
containers and so forth. In Great Britain there has 
been a tendency to a quick break, a strong tank, a large 
volume of oil, a head of oil above the break, and two 
breaks, or occasionally one. In America there has been 
a tendency towards a small but strong tank, sometimes 
itself immersed in a larger tank. On the Continent 
there has been a tendency to multiple breaks, occasion- 
ally combined with limiting resistances. Further com- 
plications are that the effect on the circuit breaker of 
limiting the short-circuit power by artificial reactance is 
uncertain, and the suspicion that the arc occasionally 
behaves in an erratic manner. This necessarily results 
in excessive cost of apparatus, and the Electrical 
Research Association have therefore initiated an exten- 
sive experimental investigation on a large scale of the 
fundamental properties of the oil circuit-breaker; the 
results of this will be given in a paper shortly to be read 
before the Institution. Apart from its influence on new 
design this investigation should also enable more accurate 
ratings to be applied to existing apparatus which at 
present is rated by different makers in a varying and 
empirical manner. 

The cost of circuit breakers is mainly controlled by their 
rupturing capacity and therefore they become a serious 
item in the cost of giving small supplies from a large 
system. To meet this difficulty oil-immersed cut-outs 
capable of dealing with short-circuit currents up to 
some 150 000 kVA have recently been designed. These 
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were described in a paper * read before the Institution 
last session. 

Switchgear assembly.—Switchgear assembly for volt- 
ages up to 33 kV has developed on four very different 
lines, of which, generally speaking, two may be taken 
as representing American, one Continental and one 
British practice. 

(1) Until recently it was usual in America to con- 
struct concrete cell work in which the connections 
between the various pieces of apparatus were made by 
bare conductors supported on insulators, the walls of 
the cells forming barriers between phases and between 
phases and earth. For very heavy duty the separation 
of phases is carried further by having three switch 
houses—one for each phase. 

(2) On the Continent the switch house is often not 
subdivided at all; sometimes it is divided into cells 
corresponding to the different circuits but it is unusual 
to find any attempt at separation of the phases. At 
lower voltages the cells often take the form of self- 
contained enclosed sheet-metal panels for individual 
circuits ; this has the advantage of allowing the greater 
portion of the assembly to be done at the manufacturers' 
works. These have also been used to some extent in 
this country and America. 

(3) In Great Britain we have tried to combine and 
improve upon the advantages of the American cellular 
construction and the Continental self-contained built-up 
panel by eliminating air insulation and enclosing all 
conductors in earthed metal casings filled with ccmpcund 


. or oil. 


(4) Of recent vears the extensive growth of trans- 
mission in America at voltages above 100 kV, and the 
high cost of buildings large enough to house cellular 
gear at these voltages, have led to the development of 


. outdoor switchgear in which the connections are made 


by widely spaced bare conductors carried on a steel 
framework. This practice has also been generally 
followed elsewhere. Experience at high voltages has 
been so successful that outdoor switchgear is being 
widely used in America for the lower voltages, but it 
seems doubtful whether there is sufficient economy at 
33 kV to balance the difficulties of operation and main- 
tenance in cold and damp climates. At 22 kV and 
below there is no economy under British conditions. 
The object of switchgear assembly design is to com- 
bine security of supply and safety of operation with low 
overall cost. The chief dangers to security have been 
short-circuits between the connections caused by the 
gases expelled by oil circuit-breakers operating under 
fault conditions, breakage of insulators and fusing of 
small conductors caused by heavy short-circuit currents, 
and the accidental opening of air-break isolating switches 
carrying load. The chief risks to operators are the 
exposure of live metal where it can be touched, the 
incorrect operation of isolating switches, and the explo- 
sion of circuit-breaker tanks. These have led to various 
schemes of insulating, separating and supporting phase 
connections, to mechanical or electrical remote opera- 
tion, to the interlocking of circuit breakers and isolating 
switches and to the automatic guarding of live apparatus. 


* L. C. Grant: ‘High-Power Fusible Cut-Quts," Journal I.E.E., 1926, 
vol, 64, p. 920, 
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At medium voltages all these requirements are most 
easily met by the British armour-clad unit construction, 
and this is now being recognized in America where 
preparations are being made for its extensive manu- 
facture. At high voltages the armour-clad unit, as at 


present constructed, becomes too expensive and the | 


American outdoor construction, which can be arranged 
to meet most of the requirgments, is being universally 
employed. The absence of an enclosing building allows 
the gases from the circuit breakers to be dispersed safely 
and the height of the connections, together with their 
wide spacing froin the structure, makes for safety in 
operation. 

Reactances.—The necessity for limiting the duty on 
the circuit breakers has led to the extensive use of 
reactances on large systems. They may be placed in 
the feeder or generator circuits or between sections of 
the busbars; on large systems having a unity power 
factor they may be used in all three positions, but 
where the power factor is low it is advisable, from the 
point of view of system voltage regulation, to restrict 
them as far as possible to the two latter positions. The 
methods of using reactance may undergo considerable 
modification when more accurate information becomes 
available as to the effect on circuit breaker operation of 
limiting the short-circuit current by reactances. 

Isolation of faults.—Associated in many ways with the 
switchgear is the problem of isolating faulty mains and 
apparatus without disturbing the general supply from 
the system. This has proved specially attractive to 
the ingenuity of engineers. It divides into two main 
branches, namely, discrimination between parallel 
feeders and discrimination between portions of an 
interconnected network, the second of which has latterly 
been increasing in importance. 
approached in very different ways in Great Britain and 
abroad. British practice has followed balanced forms 
of protection in which each feeder or piece of apparatus 
IS protected separately, in such a manner that the circuit 
breakers controlling it are unatfected by faults elsewhere 
on the svstem but are instantaneously affected by 
internal disturbance of balance due to a fault in the 
section itself. The protection of cables and overhead 
lines by such methods involves the provision of pilot 
wires and therefore adds to the cost of the individual 
mains. For this reason such systems have made little 
headway abroad, where attention has been devoted 
more actively to discriminating relays, whose action 
depends on graded times, graded currents, the direction 
of the tlow of power, or the fact that the nearer the fault 
the greater is the voltage-drop. The difference between 
Bntish and foreign practice is largely a matter of the 
ditterent emphasis placed on security of supply. The 
balanced systems, while more expensive for the same 
lay-out of distribution system, are instantaneous in 
action, perfectly discriminating and are unaffected by 
extensions and re-arrangement of the system. Graded 
relays, while saving the expenditure on pilot wires, give 
inferior service in all these respects unless a more 
expensive system lay-out be adopted, and for this 
reason an increasing interest in balanced systems: is 
being shown in the United States. Attempts are now 
being made to operate the trip gear of the circuit breaker 


The matter has been |; 
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directly from the pilot circuit so as to eliminate the 
tripping battery. Where parallel fecders are available, 
methods have been devised for disconnecting a faulty 
feeder without disturbance to the rest of the system, 
which have many of the advantages of the pilot-wire 
systems without necessitating the use of pilot wires. 

On completely overhead systems most of the faults 
may be of a transitory nature and, if quickly cleared, 
will not put the lines permanently out of commission. 
For such conditions, therefore, it is possible to attack 
the problem of faults by other methods than those of 
isolation. Two such methods have been widely used 
on the Continent, each of which usually results in a 
flash-over being self-clearing without any tripping of 
switches. One method is to earth the neutral through 
an inductance so proportioned with relation to the 
line capacitv that if a surge causes a flash-over to earth 
the current will be at unity power factor. Under these 
conditions the arc is unstable and easily extinguishes. 
The second method is to control the field of each genera- 
tor on the system by a relay arranged to reduce the 
field rapidly when a flash-over causes the generator 
current to exceed a fixed amount and to restore the 
field when the clearing of the tlash-over causes the current 
to fall below the fixed amount. 


SYSTEM DESIGN. 


Provision of duplicate supplies—The underlying 
objects of distribution-system design are to cause the 
minimum interference with supply to consumers if any 
main or other piece of apparatus should break down, and 
to provide facilities for efficient maintenance. The facts 
that repairs, alterations and extensions are not in most 
cases permitted on high-voltage apparatus while it is 
alive, that breakdown when it occurs is complete and 
without warning and that repairs take a considerable 
time, lead inevitably to the necessity for giving all 
important supplies in duplicate. The simplest method 
of duplication is the so-called '' radial system ” in which 
a pair of feeders is run to each point ot supply from 
either the power station or some main distribution 
centre. This involves practically 100 per cent spare 
capacity, and leads to the use of small feeders, which are 
expensive per unit of carrving capacity.. To meet these 
objections various modified forms of radial system have 
been used., However, the more the simple radial 
system is departed from the more difficult it is 
to ensure, without balanced svstems of protection, 
the automatic maintenance of the duplicate supply 
in case of trouble. The general adoption of such 
balanced systems in this country and the improvement 
abroad of graded and relay systems designed to mect the 
same conditions, led to the use of what is termed the 
“interconnected ” or ring-main type of network, which 
is found in practice to have many advantages. It not 
only enables one feeder to act as spare to several others 
but also makes it economically possible to use larger 
feeders and a higher voltage, both of which reduce the 
cost per unit of capacity. The interconnected system 
has also shown itself more convenient and flexible on a 
growing system, while the possibility of distributing the 
mains over different routes is of great assistance in 
developing new areas. On very large networks, with a 
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great amount of generating plant feeding into them, a 
completely interconnected system tends to put heavy 
duty on the substationswitchgear. It therefore becomes 
desirable to split up the network into smaller sections so 
as to make the greatest use of the impedance of the 
feeders in limiting the short-circuit power at the sub- 
stations. These smaller sections may themselves be 
interconnected systems if the individual loads to be 
supplied are so small that a number of them are supplied 
from each smaller section. A stage is, however, reached 
—somewhere about the point at which the individual 
substation loads are equal to the capacity of a large 
feeder—where there is little to choose between the two 
types of system on the score of cost. When the sub- 
station loads become great in comparison with the 
capacity of the feeder the distinction between the two 
types of svstem becomes somewhat artificial. At this 
stage it is obvious that the full capacity of each feeder 
from the power station is used up at the first substation 
which it reaches and there can be no true ring main. 
Further, as the load on each substation will itself justify 
more than one feeder direct from the power station, it is 
no longer necessary to run with the interconnectors 
closed to adjacent substations in order to ensure con- 
tinuity of supply. In fact, it becomes preferable to 
leave these interconnectors normallv open in order to 
reduce the concentration of power in the event of a 
short-circuit, and to close them only when they are 
required in emergency. The system therefore becomes 
a radial system in normal operation, but can be con- 
verted partially to an interconnected system for 
emergency purposes. This emergency interconnection 
between substations need only be of comparatively 
. small capacity, because with multiple radial feeders 
there must always be a certain amount of direct spare- 
feeder capacity, and the interconnection merelv pools to 
some extent the spare capacity of the system so that 
some of it is available at any substation to deal with a 
breakdown involving more than the capacity of the 
spare radial feeders to that substation. 

An alternative to the direct interconnection between 
substations is the branched feeder, which can be used as 
required to supplv either of two neighbouring sub- 
stations. This scheme has the advantage that it 
usuallv saves cable as compared with direct inter- 
connection, and it is equally as useful when the 
interconnector is normally run with one end open- 
circuited. The branched feeder has also a distinct 
advantage if the short-circuit problem is dealt with in 
the wav referred to later. 

M ultiple-voltage systems.—Most networks covering 
large areas are multiple-voltage systems, i.e. systems in 
which a few large, widely-spaced substations on the 
main transmission system feed networks at a lower (but 
still high) voltage and each of which, in turn, supplies a 
number of still lower-voltage networks, and so on until 
the consumer is finally reached. The fundamental 
causes of this may be analysed thus. The higher the 
voltage of a cable or overhead line of given section the 
greater is the proportion which the cost of insula- 
tion bears to the total, since the cost of the conductor 
material remains constant; further, at any given 
voltage the amount and cost of insulation increase more 
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slowly than the size of the conductor to be insulated. 
The effect on the cost of transmission is two-fold. If 
the size of conductor is kept constant and the volt- 
age increased, the cost per kVA does not fall pro- 
portionately. If the voltage is kept constant and the 
size of conductor is increased, the cost per kVA at first 
decreases rapidly, then more slowly as the difficulty of 
dissipating the larger conductor losses through the 
insulation grows, and, finally, rises as this latter effect 
predominates. Fora given load these factors set an eco- 
nomic limit to the maximum voltage which can be used 
with economy. An analogous result is obtained by con- 
sidering the cost of substations; the higher the system 
voltage the greater is the fixed cost which must beincurred 
at each substation independently of the actual load. 
All kinds of combinations of voltage are in common 
use, the general tendency, as svstems grow, being to 
reduce the number of series transformations at the 
lower voltages but to superimpose svstems at still higher 
voltages so that the number of series transformations 
does not decrease. The lower the load density the 
greater is the number of transformations ; ina rural area 
there may be three or even four, while in a city area 
there may be two or, on svstems with local generation, 
only one. The best combination depends on so many 
factors (including earlier developments) that each area 
must be considered on its merits. There is, however, 
some tendency in denselv populated areas with an 
underground system towards a primary network at 
33 kV or over, feeding a secondary network at about 
11 kV, and, in areas where the general use of overhead 
lines is possible, towards a primary network at 66 kV or 
over, feeding a secondarv network at about 33 kV. 
Simplification,—Of recent years much thought has 
been given to the problem of further simplifving 
and cheapening high-voltage networks. One wav ot 
approaching this is to duplicate the supplv onlv to 
certain of the larger distribution centres, and to provide 
non-duplicate supplies from these to individual large 
consumers or to the low-voltage supplv networks. Such 
a course can, of course, onlv be adopted where the 
occasional risk of an extended interruption of supplv 
can be faced, but the field forsuch non-duplicate supplies. 
even in this country, is increasing as the reliability 
of cables, overhead lines and transformers improves. 
Another method of approach is to endeavour to eliminate 
some of the switchgear, which is becoming a propor- 
tionately more important item in distribution costs as 
load densities increase and svstem short-circuit capacities 
grow. There is no doubt that in the past an excessive 
amount of switchgear has often been emploved—for 
example, the use of switchgear on both sides of a trans- 
former at the end of a non-duplicate supply. In fact, 
the unreliabilitv of the earlier high-voltage apparatus 
has left a tendency to interpose switchgear wherever a 
main and a transformer come together, and to provide 
further switchgear for re-connecting the mains and the 
transformers in all possible combinations. Now that 
the reliability of transformers is becoming recognized, 
the practice is growing of connecting mains direct on to 
transformers and treating the two as one unit. This 
leads to an enormous simplification of switchgear. lt 


| enables a duplicate supply to be given from an inter- 
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connected type of system with only one high-voltage 
switch, and from a radial type of system with no high- 
voltage switchgear, at the point of supply. 

In two pther distinct ways this conception of the 
*‘feeder-transformer’’ unit may vitally influence the 
lay-out of distribution systems. The first is in con- 
nection. with secondary high-voltage systems for feed- 
ing in sections the general low-voltage networks in 
dense city areas which have, hitherto, usually been of 
the interconnected type. Eiimination of high-voltage 
switchgear at the transforming centres is, however, 
attractive and this can be achieved by a radial parallel- 
feeder system using feeder-transformer units. If each 
pair of feeders is branched so as to feed a group of 
adjacent transforming centres the resultant system is 
even somewhat more economical than one of the inter- 
connected type. The second is in connection with 
primary high-voltage systems for feeding heavily 
loaded areas. As substation loads become larger we 
have seen that these systems automatically tend to the 
radial type, but with very large substations, each 
necessitating several feeders in parallel, even this is not 
sufficient to restrict to a reasonable figure the short- 
circuit power on the main substation busbars. If 
radial feeder-transformer units are substituted for the 
radial feeders not only is all substation switchgear at 
the primary voltage eliminated but the point of maxi- 
mum short-circuit power is transferred to the busbars 
on the lower-voltage side of the transformers. In 
consequence the inherent reactance of the step-down 
transformers is usefully employed as feeder reactance 
and effects a large reduction in the possible maximum 
short-circuit power. By using branched feeder-trans- 
former units it is possible with this method of limiting 
short-circuit power to provide stand-by interconnection 
between neighbouring substations without increasing 
the transformer capacity unduly. 


SYSTEM CONTROL. 


Operation.—The complexity of the control of the 
operation of large systems has led to organizations for 
the purpose. These take the form of centralizing the 
control of all switching, distribution of load and regula- 
tion of voltage and frequency under a control statt. On 
systems of medium size this may consist of a single 
control engineer per shift, but on large systems the 
work is so great that he requires assistance and may 
delegate many of his more routine duties to sub-control 
engineers, each in charge of a section of the system. 
Such control is completely dependent on telephonic 
communication with the powerstations and substations. 
Sometimes this is obtained by rented lines but in this 
country it is usual for each undertaking to possess its 
own private telephone system. As systems grow, the 
control engineers find it more and more essential to have 
direct indication of the condition of the more important 
Switches and of the voltage, load, power factor, fre- 
quency and phase at strategic points. The facilities for 
this can readily be provided by some elaboration of 
the telephone system. Consideration is being given to 
extending remote indication to include the remote 
operation of switchgear at the more important section- 
ing points. In order to reduce expenditure on the 
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telephone and pilot cables, various systems of '' wired 
wireless ” communication and control are being studied. 
So far, high terminal cost has restricted the use of 
'" wired wireless " to long overhead lines, but recent 
improvements give some hope that it may soon become 
technically possible on underground cables and com- 
mercially possible on shorter overhead lines. 

Voltage control.—VWoltage regulation and the division 
of loads between feeders on interconnected networks 
have introduced the necessity on large systems for 
controling the voltage of individual feeders and of 
the supply from substations. Two entirely different 
methods have been used, one depending on control of 
the power factor of the load transmitted by the feeder, 
the other being the injection of a definite voltage. The 
first method has been widely used on long high-volt- 
age transmission lines. Such lines have considerable 
inductance, and therefore a leading current flowing 
through the inductance of the line will cause a rise of 
voltage. By transmitting the power at a slightly 
leading power factor it can be so arranged that the 
leading component produces just sufficient rise of 
voltage to balance the ohmic drop, thus enabling the 
delivered voltage to be maintained equal to that at the 
sending end; alternatively the voltage-drop can be 
maintained constant at all loads. Such power factor 
regulation is carried out by installing synchronous 
condensers—i.e. unloaded synchronous motors—at the 
receiving end and adjusting the fields. At times of 
light load the capacity current of the line is sufficient to 
cause a voltage-rise and the machines are then operated 
as synchronous inductances. This method of voltage 
regulation is very suitable for a long and expensive line 
because the correction of the power factor increases the 
carrying capacity of the line and the stability of the 
system. The second method is more usually adopted 
for voltage regulation on shorter and lower-voltage 
feeders. Induction regulators—i.e. booster trans- 
formers in which the relative positions of the primary 
and secondary windings can be so adjusted that the 
secondary voltage can be continuously varied from a 
positive to a negative value—are widely used, especially 
in America on distribution networks. In this country 
it is found cheaper to use booster transformers with 
tappings and a step-switch or series of contactors to 
select the tapping required. Often two transformers 
are used, the booster itself and a transformer to excite 
the booster. By this means the step-switch or con- 
tactors are placed in a secondary circuit which can be 
arranged to operate at the most suitable voltage. Where 
regulation is required at substations or on feeder-trans- 
former units a recent innovation is to eliminate the 
booster transformer by a scheme for utilizing tappings 
on the main transformer itself and changing the tapping 
in use while the transformer is on load. This is done by 
using two parallel circuits for the winding, or for that 
part of it containing the tappings, and by temporarily 
carrying the load alt:zrnately on either half while the 
tapping is being changed on the other. 


Low-voLTAGE DISTRIBUTION. 


With very few exceptions all electrical energy is used 
by the consumer at low voltage. In a large number of 
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cases such as mines, factories, etc., the consumer’s 
aggregate load is sufficient to justify a special substation 
on his premises, and it is then usual for the supply 
undertaking to deliver the energy at the substation and 
for the consumer to carry out the low-voltage distribu- 
tion himself. For general lighting, domestic and small 
power supphes the loads of individual consumers are 
usually so small that the cost of tapping the high- 
voltage network for each consumer would be excessive ; 
the most economical method of supplying them is 
therefore to group them on to a low-voltage network 
which is itself supplied at one or more points from the 
high-voltage network. 

The most interesting feature of low-voltage distri- 
bution practice is the wide difference between the 
methods adopted in Europe and in America. In this 
country and on the Continent it is almost universal to 
supply the domestic and lighting loads at some voltage 
between 200 and 250. In America it is almost universal 
to give such supplies at a voltage of about 115. Among 
the varying reasons for the difference, probably that 
which has had most influence is that, in America, the 
maintenance of consumers’ lamps has usually been 
undertaken by the supply authorities, whereas in Europe 
this has usually been left to the consumers ; in the early 
days the lower-voltage lamps were undoubtedly con- 
siderably cheaper to maintain and probably resulted in 
a more economical overall system of lighting. The 
lower voltage in America, combined with the greater 
freedom in the use of overhead lines in towns, led to the 
use of a different type of distribution system. In this 
country it has been usual to feed the low-voltage net- 
works direct fron high-voltage systems operating at 
either 6 600 or 11 000 volts. In America (except in the 
central city areas where direct-current distribution has, 
hitherto, been general) there are no truly low-voltage 
networks. Their place is taken by three-phase four-wire 
4 000/2 300-volt networks which, although really at high 
voltage, are treated very much as low-voltage networks 
are treated in this country and are regularly worked 
upon alive with the aid of rubber gloves. These net- 
works feed large numbers of 5-kVA to 50-kVA 2 300-volt 
single-phase transformers, each of which in turn feeds a 
small local group of 230/115-volt three-wire distributors. 
As a rule, power loads, down to even small amounts, are 
dealt with by banks of separate 2 300-volt transformers 
so connected as to givea three-phase supply. Following 
the practice adopted in the direct-current areas there is 
now some tendency, where alternating-current distribu- 
tion is used for areas of high load density, to eliminate 
the 4 000-volt distribution and to install a large 200/115- 
volt four-wire linked-up network fed at intervals by 
substations taking a supply direct from the main high- 
voltage system, usually operated at 13 200 or some 
higher voltage. 

The general tendency in Great Britain at present may 
be summarized thus : 


(1) Alternating-current distribution is recognized as 
desirable because it is considerably cheaper than 
direct-current distribution and adequately meets 
the requirements of most consumers. 

(2) New networks are being laid down on the alter- 
nating-current three-phase four-wire system 


which enables both power and domestic loads 
to be supplied from the same cables. 

(3) Although it 1s economically impossible to scrap 
the three-wire direct-current networks which 
exist in most of the larger towns, the growth of 
load during the past few years and the 
probability of a still greater growth in the 
future has led to an endeavour to avoid increas- 
ing the direct-current system. This is being 
done either by changing over outlying sections 
to alternating current or by gradually super- 
imposing alternating-current networks for deal- 
ing with new consumers. 

(4) Existing three-wire direct-current networks in the 
smaller towns and villages, and in suburban 
areas where the power load 1s small, are being 
changed over to three-wire single-phase alter- 
nating current. This is particularly desirable on 
the older systems using vulcanized bitumen 
cables, as faults and the risk of bitumen gas ex- 
plosions and poisoning are practically eliminated. 

(5) In place of single networks covering large areas it 
is becoming more usual to operate with several 
smaller systems, each corresponding to one of 
the points of high-voltage supply. 

(6) Overhead lines are being more generally used in 
small towns and rural areas. For such low- 
voltage lines the new regulations are similar to 
those already summarized for high-voltage 
lines, with the important exception that the 
radial thickness of iceis reduced to one-quarter of 
an inch. There is a strong opinion that the regula- 
tions forlow-voltage lines are still too severe and 
should be eased in many respects, particularly 
as regards minimum clearances and guarding. 


A feature of low-voltage distribution in this country 
which is now attracting some attention is the lack 
of voltage standardization. Steps have already been 
taken to ensure such standardization in new areas, the 
standards agreed on by the industry and accepted by 
the Electricity Commissioners being either 230/400 volts 
four-wire or 230/460 volts three-wire. It is hoped that 
in time the voltage of many of the existing systems may 
be brought into conformity with these standards, as this 
would have a very large influence in reducing manu- 
facturing costs of apparatus and in adding to the con- 
venience of the consumer. | Abroad such standardization 
has already been largely achieved ; in America 115 volts 
is practically universal and the same may almost te said 
as regards the use of 220 volts on the Continent. 

Although the author has had the advantage of study- 
ing, at first hand, transmission and distribution practice 
in America and on parts of the Continent, the field is 
so wide that, in attempting a complete review, many 
important developments may have been overlooked or 
insufficiently described, many generalizations have been 
necessary and there must be, inevitably, a tendency to 
emphasize those features with which the author has 
been most intimately associated. His grateful thanks 
are given to those engineers at home and abroad who 
have supplied information either personally, by corre- 
spondence, or through their valuable contributions to the 
technical Press. 
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INDUSTRIAL APPLICATIONS OF ELECTRICITY. 
By W. E. HIGHFIELD, Member. 


GENERAL. 


The normal progress in what may be termed the 
“standard ” applications of electricity to industry has 
been well maintained. 

It is an interesting fact that the sale of some types of 
industrial motors and allied apparatus has continued 
largely unaffected by any of the recent strikes. 


SPECIAL MOTORS, 


There is an increasing demand for alternating-current 
motors for variable-speed work, while the fact that 
many supply undertakings now include a power-factor 
clause in their contracts has encouraged the develop- 
ment of motors with a high power factor. This demand 
has been partly met by the introduction and develop- 
ment of three-phase commutator motors, particularly 
of the type with a shunt characteristic—known also 
as the '' Schrage ” motor. 

For variable-speed work the three-phase commutator 
motor differs from the ordinary induction type in that 
the primary winding is placed on the rotor and the 
secondary on the stator. The primary is the ordinary 
threc-phase winding and is connected to the supply cir- 
cuit through threeslip-rings. In addition a third winding, 
called the regulating winding, is wound on the rotor 
in the same slots as the primary winding. This regulating 
winding is connected to a commutator in the same way 
as the armature winding in a direct-current machine. 
Two brush rockers are provided, each with its own 
brushes for the three phases, and by rotation of the 
rockers the position of the brushes on one rocker can 
be varied relative to those on the other. The secondary 
winding on the stator is of the ordinary three-phase 


* A review of progress. Reprints, in pamphlet form, price 2s. 6d. each, can 
€ obtained from the Secretary of the Institution. 


type and the ends of each phase are taken to a pair of 
brushes on the commutator, one on each brush rocker. 
When the brushes on the two rockers are opposite to 
each other, that is, on the same commutator bar, the 
secondary stator winding is short-circuited on itself 
and the machine runs as an ordinary induction motor, 
that is, at a little below synchronous speed. When the 
brushes are separated an electromotive force will exist 
between the brushes of each phase, proportional to the 
separation of the brushes. The motor will consequently 
change its speed until the electromotive forces in the 
regulating and secondary circuits are once more in 
balance. The speed can be changed above or below 
synchronous speed, according to the direction in which 
the brushes are moved. 

For constant-speed work, where a high power factor 
is required, a similar design of motor is used, but here 
only one brush rocker is required, as only one end of 
each secondary phase winding is connected to the brushes, 
the other end being connected to a common point. The 
voltage taken from the commutator is now constant 
and movement of the brushes simply alters the phase 
relation of the commutator voltage and that of the 
secondary winding in the stator. Usually such motors 
are designed for unity power factor at full load; at 
light load the power factor will te of the order of 0-9 
leading. They can be designed to give up to, say, 0-9 
leading at full load. Two or three such machines may 
thus be used to compensate for the low power factor 
of several induction motors, instead of using a single 
synchronous motor for thc same purpose. 

A demand, chiefly on the Continent, has aiso been 
found for three-phase commutator motors with series 
characteristics for variable-speed work, the variation 
again being affected by brush movement. The motors 
range from smallsizes up to 1 000 h.p. for driving winders, 
fans and rolling mills. On the Continent, speed-regulat- 
ing sets with an induction motor as a main motor 
and a commutator motor as an auxiliary motor have 
also been highly developed. Such a combination im- 
parts to an induction motor the characteristics of the 
commutator machine and makes efficient use of the slip 
energy. Motors of the order of 1 000 to 2 000 h.p. have 
been proved in service. 

Another method of effecting power-factor correction in 
installations having a number of alternating-current 
motors in service consists in the use of a suitable 
synchronous motor of the induction type capalle of 
supplying the reactive kVA required by a group of 
induction motors. For example, in tin-plate works 
where the hot rolls must be driven by an induction 
motor, the cold rolls can conveniently be driven by such 
a synchronous motor. The same tvpe of motor is 
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being largely used separately for driving large com- 
pressors and fans and for low-speed drives generally, the 
motors being started as induction motors and run as 
synchronous motors. Such motors are essential in 
certain types of work, for instance in a rubber factory. 
Another interesting development for power-factor 
correction consists in the use of static condensers, 
usually designed for 600 volts. . 


TEXTILE INDUSTRIES. 


The trade depression has adversely affected the cotton 
and wool industries. 

The small amount of new equipment work that has 
been done has almost entirely been carried out electric- 
ally. 

Fractional horse-power alternating-current commu- 
tator motors have been tried for individual spindle drive 
in cotton mills. 


COAL INDUSTRY. 


Due to the coal strike there has been an almost total 
cessation of work in equipping collieries electrically. 
A bold and interesting experiment is being tried by one 
large group of collieries generating their own power. 
Here the blast-furnace gas from associated ironworks 
is used to drive gas engines directly connected to alter- 
nators, where hitherto the gas has been burnt under 
boilers to generate steam for turbines. The overall 
thermal efficiency is expected to be of the order of 25 
per cent. 


IRON AND STEEL INDUSTRY. 


The demand for electric rolling-mill equipments for 
heavy duty has been quite up to normal and a number 
of these plants are in progress. The heavy reversing 
mills are equipped on the Ward-Leonard system, while 
induction motors, sometimes of the synchronous type, 
are used for the hghter non-reversing mills. 


MACHINE-TOOL DRIVES. 


For some time a change has been going on with 
regard to the electric driving of machine tools, and this 
change is now a definite departure from the practice of 
a few years ago. No longer is a standard stationary 
motor adapted, as well as mav be, to drive a particular 
machine tool, but a specially designed motor is used 
with specially designed starting and control gear suitable 
for the special purpose of the machine tool. 

For large and special machine tools for multiple 
operations, separate motors are freelv used for operating 
the various changing and setting devices, in addition 
to the motor or motors that provide the main drive. 

Planing machines are largelv driven by a special 
motor equipment providing for the correct cutting speed 
with a very high return speed. 

Similarly, special control and switchgear have been 
developed to satisfy multifarious needs. 


WELDING. 


A steady increase is noticed in the demand for special 
units for electric welding. For direct current a motor- 
generator is used and for alternating current a special 


transformer, generally of the three-phase/single-phase 
type. 
REFRIGERATING PLANT. 

Owing to the alteration in the regulations governing 
foodstuffs which became operative on the Ist January, 
1927, there has been a noticeable increase in the 
demand for refrigerating plant. A considerable number 
of orders have been placed for the standard plants 
producing large quantities of ice. In addition, small 
plants have been designed and developed. These are 
of a very simple type consisting generally of two vessels, 
the one containing a special chemical mixture heated 
electrically, and the other containing the material to 
be frozen. These plants are made in sizes as small as 
300 watts. 

A device of interest to electrical engineers is used in 
one type of this kind of apparatus. In one of the 
vessels a pump is driven by a small squirrel-cage motor. 
The rotor is placed vertically and carried on a bottom 
bearing. The walls of the vessel are of very thin non- 
magnetic steel and entirely surround the rotor, while 
the stator is outside the vessel. Thus the walls of the 
vessel are actually in the air-gap of the motor. The 
object of this construction is to avoid using a gland 
for the pump spindle. 

The plant is completely self-contained and even 
portable, and is used for refrigeration and the pro- 
duction of ice. There appears to be a very wide field 
of application for such types of plant, which are also 
suitable for domestic use. 

Another piece of apparatus developed to meet the 
alteration in the Food Regulations is an emulsifier. 
This, in principle, is the centrifugal separator acting 
in the opposite sense. A machine of this type taking 
some 400 watts will produce some 20 gallons of cream 
per hour when fed with dried milk, water and butter. 


CONSTANT-CURRENT SYSTEMS. 
Recent developments of these svstems include applica- 
tions to welding and to the driving of ships’ auxiliaries. 
Some of the results obtained show considerable promise. 


THE APPLICATION OF ELECTRICITY TO 
ILLUMINATION. 


Bv Joux W. T. WarsH, M.A., M.Sc., Associate Member. 


The following notes refer to the more important 
advances which have been made in the application of 
electricitv to illumination during the 12 months ended 
on the 30th September, 1926, and for general convenience 
the notes are classified under a few main headings. 


LAMPS. 


The British Standard Specification for Tungsten 
Filament Lamps (No. 161—1924) has been enlarged by 
the inclusion of schedules relating to vacuum-type 
traction lamps. These lamps are designed for series 
burning, and the new schedules are for lamps taking 
0-27 and 0:35 ampere at each of the four nominal 
voltages 100, 110, 120 and 130. It is specified that 
the lamps shall be tested at thcir rated current, and 
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tolerances of + 5 per cent are given for the voltage at 
which the current has the rated value. The initial 
efficiency is given as 6-79 lumens per watt, with a 
tolerance of + 7 per cent. In a note to the schedules 
the hope is expressed that it will ultimately prove possible 
to use a single voltage instead of the four which it has 
now been found necessary to include. 

Obscured lamps are now available with the diffusing 
surface on the inside of the bulb instead of on the 
outside as hitherto. Until recently, all attempts to 
etch on the inside resulted in a bulb of extreme fragility. 
This difficulty has now been overcome and the new 
bulbs are as robust as the unfrosted ones.* The interior 
of the bulb is sprayed with a strong solution of acid 
which etches the glass and produces a surface which, 
under the microscope, appears to be made up of count- 
less irregular and sharp-angled projections. The glass 
in this state is very weak. A subsequent treatment 
with another acid solution removes the sharp edges 
so that the surface appears smoother and more mottled. 
At the same time the glass is restored to its original 
strength. The absorption of light by a bulb of this 
type is stated to be only 2 per cent.T 

A research has been conducted on the degree of voltage 
fluctuation permissible without the production of 
objectionable flicker in tungsten filament ]lamps.j 
It has been found that the eye is most sensitive to flicker 
at a frequency of about 6 cycles per second, and that, 
at any rate for low-wattage lamps, the voltage fluctuation 
should not be more than 0-2 per cent if flicker is to be 
avoided. 

A new long-burning flame arc lamp has been developed 
in Germany.§ Its efficiency is stated to be 28-34 lumens 
per watt, and its burning period per pair of carbons 
about 120 hours. The special carbons used give light 
of a pale golden-yellow colour. 

A self-starting tungsten arc lamp has been developed 
in Holland || for use on alternating voltages of 200 or 
over. The lamp is made in two sizes, taking 1-3 
amperes and 2-5 amperes and giving 40 and 80 candles 
respectively. The stabilizing resistance necessary 1s 
made in the form of a lamp with an open cylindrical 
bulb. No other auxiliary apparatus is required. 


FITTINGS AND ACCESSORIES. 


A new British.Standard Specification (No. 232—1926) 
has been issued for a circular enamelled steel reflector 
for direct general lighting. The type of reflector covered, 
designated as ‘“‘ Industrial Reflector Fitting No. 1,” 
is suitable for use with gas-filled lamps at a spacing equal 
to about 1-5 times the height above the working plane. 
The “ angle of cut-off," i.e. the angle below the horizontal 
within which the lamp filament is completely covered, is 
20°, so that the fitting complies with the recommenda- 
tion on this point contained in the Second Report of the 
Home Office Committee on Lighting in Factories and 
Workshops. The total luminous output of the whole 
unit is specified as not less than 60 per cent of that of 

* W. J. Jones: Illuminating Engineer, 1926, vol. 19, p. 269 
Industrial and Engineering Chemistry, 1926, vol. 18, p. 774. 

+ Illuminating Engineer, 1926, vol. 19, p. 317. 

$ Journal I.E.E., 1926, vol. 64, p. 1090. 


§ [Huminating Engineer, 1925, vol. 18, p. 254. 
| Ibid., 1926, vol. 19, p. 43. 
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the lamp alone. A fitting of this type is now used in 
very large numbers in industrial establishments in this 
country, and is shown in the figure. 


Diffusing glass fittings of the totally enclosed type 
are now being advocated in preference to those of the 
open type, because the rate of depreciation of the light 
owing to dust settlement is much reduced. In many 
of these fittings part of the glass is clear and part 
diffusing, although the glassware is in one piece without 
any mechanical joint. A type of fitting has recently 
been introduced in which the lamp can be replaced without 
taking down or otherwise disturbing the main part of 
the fitting. 


PROJECTION APPARATUS. 


A new form of kinema projector is coming rapidly into 
use. The arc is of the high-intensity type with cerium- 
cored carbons, while the light is first received on a 
parabolic mirror and is then reflected to the condenser. 

Trials have been carried out by Trinity House on the 
use of a tungsten-filament gas-filled lamp as a substitute 
for the arc in lighthouses. A special form of con- 
centrated filament construction is used. The lamps 
take from 3 kW upwards, at a comparatively low voltage. 
One of the chief difficulties of design is the introduction 
of this heavy current into the glass bulb. The efficiency 
is approximately 2 candles per watt. 

The introduction of electric signal lamps on surburban 
railway lines has proceeded rapidly during the past 
year. Specially constructed lamps with very accurately 
positioned filaments are used behind circular lenses of 
the Fresnel element type. Four-position signals 
now in use on at least one railway, viz. red for stop, 
green for clear, one yellow for caution, and two yellow 
to indicate a stop two sections ahead. These lamps 
are now largely used by day as well as by night, the 
semaphore arm thus being superseded. 

Similar signal lamps have been introduced for purposes 
of traffic control in London streets. 

No great progress has been made towards the solution 
of the problem of glare from automobile headlights. 
Opinion in France and in America has appeared to 
favour the ''depressible beam " and several devices of 
this type have been produced. These involve the 
employment of a double-filament lamp, a rotatable 
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shield covering part of the bulb, or some other means 
by which the driver can, on meeting another car, tilt 
his beam downwards so as to avoid causing dangerous 
glare to the oncoming driver. A downward tilt of 24 
to 3 degrees has been recommended.* There is a tendency 
to prohibit the use of powerful headlights in cities 
where the street lighting is generally good. This 
prohibition is now in force in Paris and in New VYork.f 


EXTERIOR LIGHTING. 


The ever-increasing volume of traffic carried bv the 
main roads and principal streets in citics has resulted 
in greater attention to street lighting on the part of 
local governing bodies. Many new fittings have been 


designed to re-distribute the light from the lamps in 


such a way that the illumination at the worst point 
(usually the point mid-way between posts) shall be 
adequate. At the same time it appears to be recognizcd 
that a uniform illumination of the whole street surface, 
even if attainable, would not necessarily be the best 
form of lizhting. Several fittings, both of the retlective 
and of the refractive tvpe, have been designed to give 
an asvmmetric light distribution, i.e. one which is not 
symmetrical about the vertical axis, but which has two 
very marked maxima directed approximately towards 
the mid-span points. In this way a much higher value 
can be obtained for the minimum illumination without 
the expenditure of additional energv. 

An illuminated “white line” for traffic control is 
being tricd at Hendon.$ The line is formed of strong 
glass and laminated marble slabs placed alternately 
at the top of a steel trough sunk in the roadway, the 
glass being flush with the surface. The trough, which 
is in sections, contains electric lamps and these illuminate 
the glass from below. The lamps are lighted at dusk 
and extinguished at dawn by an automatic time switch. 

The flood-lighting of large buildings has continued to 
increase in popularity. Many large stores have now 
adopted this form of publicity, whilst the flood-lighting 
of public clocks and of railway signs and similar objects 
has become quite usual. Coloured flood-lighting has 
bcen used in some installations. 

Shop-window lighting has improved very rapidly, 
not onlv in intensity but even more in suitability of 
arrangement. The regulations governing shop lighting, 
made as a result of the coal stoppage, have necessarily 
retarded progress, but in spite of this there is a general 
tendency towards more and better lighting in shop 
windows. Anulumination of as much as 100 foot-candles 
is not unknown, while 30 foot-candles is very common. 
The use of the bare lamp has shown a markcd decline 
and there is now a gencral tendency towards concealed 
lighting. The use of strongly coloured lights in shop 
windows has much increased, and the value of a properly 
designed lighting scheme as part of a window display 
is being more and morc appreciated. 

The tlood-lighting of large tracts of ground has received 
attention during the period under survey. Aerodrome 
landing grounds, in particular, are now lighted in a 
number of different ways. Large searchlight projectors 


9 


: te of the Illuminating Engineering Society (New York), 1925, 
vol. 20, p. 9341. 

T d5id., 1925, vol. 20, p. 955. 

$ Illuminating Engineer, 1926, vol. 19, p. 20. 
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with horizontal dispersing lenses are sometimes used 
on the ground. Alternatively, or in addition, batteries 
of small projectors at heights of 10 to 15 feet are em- 
ployed. Either system of projectors must be readily 
movable from one part of the ground to another. 

The hghting of open spaces used for various sports 
has continued to extend. An open sea bath at East 
London, South Africa, has been lighted by 12 floodlight 
projectors, each carrying a 1 000-watt lamp.* 


INTERIOR LiGHTING. 


As a result of the recommendations contained in the 
three Reports of the Home Office Committee on Lighting 
in Factories and Workshops,f three clauses relating to 
Illumination have been included in the draft of the 
Factories (No. 2) Bill, now postponed. One of these 
givcs the Secretary of State power to make an order 
prescribing a standard of suiħcicnt and suitable lighting 
for factories or for any class of factory or for any process. 

Higher values of illumination have been advocated 
for schools, 5 to 7 foot-candles being recommended as 
the desirable provision for desks. The illumination 
should be evenly diffused and should bc provided by 
visible fittings having a brightness of not more than 
3 candles per square inch. 

A new and efficient form of glarcless table lamp for 
library reading-rooms has been devised and is now 
installed in the library of the University of Michigan.§ 

Marked improvements have been made in the design 
of miner's lamps. Four-volt lamps, stated to give 4 
candles and weighing about 10 Ib. are now made. A 
lamp giving a wide-angle beam from a projector tvpe 
of head which is capable of swivelling in all directions 
has also been designed. A new feature in miner’s lamps 
is an electric lamp fitted with a gas detector which gives 
warning of the presence of fire-damp. Two types of 
lamps performing this service have been described 
during the past year || 

The use of a vellow-tinted glass cover has long been 
common in miner's electric lamps. It has now been 
found § that obscuring the inside of the cover glass, by 
painting it with hydrofluoric acid, reduces the glare 
from the lamp and gives a higher visual acuity, although 
the illumination is slightly reduced. 

The use of clectric light in the poultry farm is ex- 
tending in this country as well as in America.** It has 
been found that, although the hens do not lay more 
eggs per annum, the distribution of the laying period 
is so altered that 20 to 30 per cent more eggs are obtained 
at the time when prices are at a maximum. 

The use of colour-sprayed lamps for amusement halls 
such as dance halls, kinema theatres, etc., has extended 
very rapidly. 

Artificial-daylight units of different kinds continue 
to be introduced. Many of these give light of such a 

* Transactions of the Illuminating Engineering Society (New York), 1926, 
a ER ot CMA: 8000, 1915. Second Report, Cmd. 1418, 1921. Third 
Report, Cmd. 1686, 1922. 

$ J. KERR: Jluminating Engineer, 1926, vol. 19, p. 163. 

§ Hate tia of the Illuminating Engineering Society (New York), 1926, 
is luonna na Engineer, 1926, vol. 19, p. 48. C. S. W. GRICE and A. G. 
GULLIFORD: Colliery Guardian, 1926, vol. 131, p. 404. 


T E. FARMER: Jliuminating Engineer, 1926. vol. 19, p. 37. 
** R, BoRLASE MATTHEWS: Jbid., 1926, vol. 19, p. 211. 
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spectral distribution that, although the imitation of 
daylight colour appears satisfactory to the eye, they 
are quite unsuitable as substitutes for davlight in accurate 
colour-matching. Their efficiency is, however, higher 
than that of the accurate daylight unit and for general 
use in the office, drawing office, etc., they have been 
found satisfactory. It seems that in badly lighted rooms 
where it is necessary to use a mixture of davlight and 
artificial light for long periods, it is preferable that the 
artificial light should approximate in colour to the 
daylight with which it is mixed.* 

Several large church-lighting installations have been 
carried out during the past year. Canterbury Cathedral 
has been illuminated by means of special silvered-glass 
parabolic reflectors placed in the rosettes at the apexes 
of the gothic arches which form the nave of the cathedral. 
Each reflector contains one 500-watt half-obscured 
gas-filled lamp. Peterborough Cathedral has also been 
re-ighted by electricitv. The greater part of the 
illumination is provided by means of units placed on 
the sides of the clerestory windows. Each unit consists 
of a specially designed mirror projector enclosing a 
250-watt gas-filled projector-tvpe lamp. The illumina- 
tion at ground-level in the nave was over 2 foot-candles 
with the installation when new. 


METHODS OF MEASUREMENT. 


A British Standard Specification for Portable Illumina- 
tion Photometers has now been issued as B.S.S. No. 230— 
1925. Instruments are divided into two classes, viz. 
those primarily intended for exterior use, with a range 
from 0-01 to 2 foot-candles, and those for use in interior 
lighting in which the range is from 0:2 to 20 foot-candles. 
Many instruments cover the whole range from 0-01 
to 20 foot-candles and so are suitable for both classes 
of work. The characteristics of the test-surface as a 
diffuser and its colour are carefully specified, as well 
as the angle at which it is to be viewed. The maximum 
error of reading of the instrument under test conditions 
is specified as 15 per cent of the indication down to 0-1 
foot-candle; and 14 per cent, increased by 0-001 foot- 
candle, below this figure. 

A new form of swivelling test-surface for illumination 
photometers was shown at the Optical Convention in 
April, 1926.2 This allows the surface to be inclined 
at any desired angle with the horizontal, and means are 
provided for measuring both this angle and the angle 
which the light from any given lamp makes with the 
test-surface. 

A new form of portable photometer on the principle 
of the variable-aperture lens has been designed in 
France.§ 

The measurement of total flux output (or mean 
spherical candle-power) by means of the Ulbricht sphere 
and similar integrators has been the subject of much 
study both in this countrv| and in Germany. The 

* On the question of mixed lighting in general, see papers in the Transactions 
of thc THluminating Engineering Society (New York), 19206, vol. 21, pp. 588 and 613. 

f Electrical Review, 1926, vol. 9X, p. 19. 

$ llumina: ing Engineer, 1926, vol. 19, p. 349. 

M A. BroupbEL: Comptes Rendus, 1925, vol. 181, pp. 310 and 449 also 
di d ng Engineer, 1925, vol. 18, p. 237. 

| R.C. Fox: Proceedings of the Optical Convention, 1926, p. 289; also J. T. 
MACGREG oR- Morris and A. H. MumMrorp: Journal of Scientific Instruments, 


197 5, vol. 2, p. 355. 
€ Several papers in Licht und Lampe, 1926, pp. 393 and 428. 
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substitution of a cube or other polyhedron for the true 
sphere seems to be justified when the accuracy demanded 
is not too great and when the light distribution is not 
dissimilar for the lamps compared. 

International comparisons of the unit of candle- 
power have shown that the unit maintained in this 
country is in agreement with that in America both at 
carbon and at tungsten (vacuum) lamp efficiency. 
There is similar agreement with France and with 
Germany at the lower efficiency, but the ratio of the 
German unit (the Heínerkerz) to the international 
candle at the higher efficiency is about 0-87, instead of 
0-90 as found before the war and assumed since then 
for the comparison of measurements made in different 
countries. 

The “ black-body " form of primary standard con- 
tinues to be studied. The brightness at the melting 
point of platinum has been carefully determined in 
Germany, the value found being 65-66 Hefnerkerze per 
cm*.* The value found in America in 1924 was 55-4 
international candles per cm? = 61:55 Hefnerkerze per 
cm?, 

The use of photo-electric cells of the alkali metal 
tvpe as substitutes for the eye in photometry has been 
investigated in several laboratories, but so far the diffi- 
culties which arise in the application of the method to 
commercial photometry have not been fully overcome. 


VISUAL CHARACTERISTICS. 


The effect of intensity of illumination on visual 
acuity has been further investigated both under 
laboratory conditions $ and by means of full-scale 
experiments on the speed of sorting in a big American 
Post Office.$ The former investigation indicates that 
only about one-half of the maximum visual acuity is 
attainable at an illumination of 2 to 4 foot-candles, and 
that the maximum is not reached until the illumination 
has bcen raised to between 100 and 200 foot-candles. 
The latter investigation shows that the relation between 
production rate, P, and the illumination, E, is of the form 


P = PQ(1—e-*F) 


where k and P, are constants. P reaches its final 
maximum value, sensibly, when E is somewhere between 
10 and 100 foot-candles. 

The effect of large contrasts in the field of view has 
been investigated || and it has been found that, when 
the eye passes rapidly to and fro between two fields 
of markedly different brightnesses, the visual efficiency 
may be lower than when both fields have a brightness 
equal to the smaller of the two previously emploved ; 
so that, for instance, when the brightnesses are re- 
spectively 7 and 0-3 candles per square foot, the visual 
efficiency is less than when the brightness of both 
fields is 0-3 candle per square foot. 

* Zeitschrift für Instrumentenkunde, 1926, vol. 46, p. 172. 

t N. R. CaAMPRELL and M. K. FREETH : Proceedings of the Optical Convention, 
1926, p. 252; T. H. Harrison: Ibid. p.245: and C. H. SHarpand C. kiNsrEv: 
Transactions of the Illuminating Engineering Society (New York), 1926, vol. 21, 
p. 117%. 

1 H. HartripcE and R. J. LYTHGOE : 
1926, p. 551. 

§ J. E. Ives: U.S. Public Health Reports, 1924, vol. 59, p. 2825. 


|| M. LvckiksH and F. K. Moss: Journal of the Franklin Institute, 1925, 
vol. 200, p. 731. 
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The use of artificial-daylight lamps has already been 
referred to in the section on '' Interior Lighting." The 
advantage of using automobile headlights with different 
coloured glasses in front of them has been investigated,* 
but with negative results, no appreciable increase in 
visibility or diminution of glare having been found. 

A development in lighting service which has taken 
place during the last few years is the establishment in 
this country and elsewhere on the Continent of '' Lighting 
Bureaux," where, by means of lectures accompanied by 


practical demonstrations, the principles of good lighting 


are taught and its advantages shown.t The central 
bureau in this country is established at Savoy Hill 
and there are subsidiary demonstration centres at 
Manchester, Glasgow and Newcastle. 


NEW Books. 


The following books on illumination have bcen 


published during the period under review :— 


J. €. Connan: “ Electrical Estimating for Industrial 


Lighting Installations," (Spon, 1925) pp. 214, price 
12s. 6d. 
H. Bourr: “ Electrical Photometry and Illumina- 


tion," (Chas. Griffin, 1925) 2nd ed., pp. 427, price 25s. 


M. Luck&iEsH and A. J. Pactni: ‘ Light and Health,” 
(Bailliére, Tindall and Cox, 1925) pp. 302, price 22s. 6d. 


W. E. Barrows: “ Light, Photometry and Illuminat- 
ing Engineering," (McGraw-Hill, 1925) pp. 412, price 
ls. 6d. 

Commission Internationale de l'Eclairage, Session de 
Genève, 1924, Recueil des Travaux et Compte Rendu 
des Séances, (Cambridge University Press, 1926) 
pp. 432, price 15s. (Many of the papers are in English.) 

J. W. T. Wasu: ‘ Photometry,” (Constable, 1926) 
pp. 505, price 40s. 

C. H. RIDGE : “ Stage Lighting for ' Little ' Theatres," 
(Hetfer, Cambridge, 1925) pp. 79, price 5s. 

G. SCHMIDT:  '" Werbewirksame  Licht-Reklame ” 
(Advertisement Lighting), (Union Deutsche Verlagsge- 
sellschaft 1925) pp. 48, price 1-80 marks. 

F. KNEPPER: ‘Die Fabrikation u. Bereitung d. 
Moderne Metalldrahtgluhlampen ” (* Tungsten Filament 
Lamp Manufacture "), (Hochmcister and Thal, Leip- 
zig, 1926) pp. 205. 

P. MAURER; “ Eclairage Electrique,” 
Villars, 1925), pp. 143. 

British Standard Glossary of Terms used in Illumina- 
tion and Photometry, (B.E.S.A., B.S.S. No. 233—1925) 
pp. 8, price ls. 

JANET H. Clark: “ Lighting in Relation to Public 
Health," (Bailhére, Tindall and Cox, 1925) pp. 186, 
price 18s. 


(Gauthier- 


R. J. LvrHGOE : “ Illumination and Visual Capacity,” 
Report of the Medical Research Council, (H.M. Stationery 
Office, 1926) pp. 80, price 2s. 6d. 


* M. Lvckigsn, A. H. TAYLOR and L. L. HotrapAv: Journal of the Optical 
Society of America, 1925, vol. 11. p. 211 

t For example, G. S. MERRILL, Commission Internationale de l'Eclairage, 
C.r., Geneve, 1924, p. 270. 


AGRICULTURAL APPLICATIONS OF 
ELECTRICITY. 


By R. Bonr4AskE MATTHEWS, Member. 


One of the outstanding events of the year was the 
prominence given to the subject of electro-farming at 
the World Power Conference held at Basle. The whole 
subject was received enthusiastically bv all those attend- 
ing the Conference, and there is little doubt that its 
position was greatly strengthened. Oneoftheimmediate 
results will be the further pushing forward of electro- 
farming activities in many countries. From the papers 
read by authors from all the leading European countries 
(including Great Britain) as well as the United States 
of America, it is evident that strenuous efforts are being 
made all over the world to increase the use of electricitv 
on the land. A very interesting report was received 
from Denmark, which showed that almost every farm 
and dairy was electrified and many new power stations 


had been erected to meet this new demand. The 
German report showed that in many agricultural 


districts more than 90 per cent of the farms possessed 
an electric supply. During the year 1925 this agri- 
cultural load accounted for about 1 030 million units 
(kWh), while the total annual consumption of energy 
per head of those engaged in agriculture was 50 units. 

The position in Japan illustrates that new and novel 
wavs are being devised for assisting the farmer by 
electrical means. There, electricity is being used for 
silkworm rearing, rice husking, preparing tea, pumping 
for irrigation and drainage, and for killing the moths 
which do great damage in the rice fields. 

The American report showed that the development of 
electro-farming in that country was far behind that in 
many European countries. In fact, only 7:8 per cent 
of all the farms use electricity for other purposes than 
lighting. It was learned that in Switzerland the annual 
consumption of electricity per head of aericultural 
population was 50 units. In a small country like 
Sweden, over 52000 farmers use electricity. The 
majority of the reports seemed to show that the problem 
of rural electrification is financial rather than technical, 
and a number of Governments are stepping in and 
giving financial assistance in order to accelerate the 
work and so enable it to get on a self-supporting basis. 

There is evidence that the Report * issued by the 
Electricity in Agriculture Committee of the Institution 
of Electrical Engineers has accomplished very useful 
work. 


AGRICULTURAL MOTORS. 


Several British manufacturers are now producing an 
agricultural motor which is distinct in type from the 
industrial motor, in that it 1s designed solelv to meet 
the farmer's need, i.e. it is protected from dust, rain, 
uric acid and ammonia fumes, runs on ball bearings, 
and, in the portable type, suitable reduction gears are 
incorporated. This practice has been common with 
Continental manufacturers for a number of vears, but 
in Great Britain little serious effort was made in this 
direction until the present year. 


* Journal I.E.E.,1925, vol. 63, p. 838. 


ELECTRICITY (INCLUDING ILLUMINATION AND TARIFFS). 


357 


PLOUGHING. 


A considerable amount of work has been carried 
out in a number of countries in the development of 
electric ploughs and there are now over 200 in use 
in Continental countries. 

Major A. MacDowall has recently developed in Scotland 
a new tvpe of electric tractor plough which avoids the 
dragging of the cable on the ground and incorporates 
a novel method of hauling the machine sideways at 
the end of each furrow, ready for the next. The flexible 
cable of the tractor only needs to be half as long as 
the furrow. It 1s automatically unwound and wound 
up again in the same straight line, thus avoiding any 
damage to the cable. This flexible cable is fed from a 
special cable trolley which runs along a line at right 
angles to the furrows and equidistant from either end 
of them. Another cable, which may be of any length, 
connects the trolley to the distribution line and is auto- 
matically wound up by the pushing back of the trolley 
by the plough each time it passes the trolley. A full 
single-creeper track is fitted to distribute the pressure 
on the soil. In the annual report,* recently published, 
of the Development Commission, reference is made to 
the work carried out at the Rothamsted Experimental 
Station on electrical methods for the reduction of draft 
in ploughing, concerning which full-scale tests were 
carried out on the author's farm at East Grinstead. 
The report states that one of the first fruits of the physical 
investigation has been the discovery of a simple means 
whereby the resistance of the soil on the plough can be 
reduced. The soil colloids are electro-negative ; if, 
therefore, a negatively charged plate is inserted in the 
soll, the water will pass from the colloid and become 
deposited on the plate. As a thin film of water is an 
almost perfect lubricant, the ploughshare, if kept 
negativelv charged, becomes coated with a film of water 
and is therefore continuously lubricated, so that it 
moves through the soil with less resistance than before. 
The current can be obtained from a dynamo carried on 
and driven by the tractor drawing the plough. 


HAYMAKING WITHOUT SUNSHINE. 


Five different processes have been used in attempts 
to make hay without sunshine. They are (1) the cold- 
air process, (2) the curing process, (3) the warm-air 
process, (4) the hot-air process, and (5) the conveyor 
belt continuous-drying process. 

The Ministry of Agriculture and the Oxford Institute 
of Agricultural Engineering have carried out very 
extensive and valuable laboratory tests and also full- 
scale trials on methods (1), (3) and (4). They have come 
to the conclusion that the cold-air method is useless, 
whilst the results obtained with the warm-air process 
do not seem to be satisfactory, which corroborates the 
previous experience of the author. The hot-air process, 
with a temperature of over 180° F., however, seems very 
promising, and some very good results have been 
obtained by the Institute during the past year. These 
methods require about 20 horse-power. The curing 
method, which has not yet been tested bv the Institute, 
was developed on the author's farm. It is the only one 


* Report of the Development Comirission for the year ended 31 March, 1926, 


so far capable of dealing with commercial full-size 
ricks ; up to 60 tons has been handled by this process 
in single ricks. The conveyor belt continuous-drying 
process has been adopted recently in America. The 
principle behind this practice is that grain and forage 
crops are cut at the milk stage (instead of being allowed 
to ripen) and artificially dried. In this way the crops 
yield much more animal food, and several crops a year 
are obtained off the same ground. It is claimed that 
20 tons of material can be cut, cured and baled or dis- 
integrated (ground) in 20 hours by one man mowing, 
three or four men hauling with lorries and four men 
working at the plant. On a 600-acre farm the work 
can be carried on continuously for 165 days in the year, 
thus introducing a great revolution in ordinary agri- 
cultural practices. The electric motor load is about 
60 h.p. for 10 hours per day for 6 months of the year, 
and thus forms an attractive proposition to the supply 
engineer. 


GREEN FODDER PULPING. 


An entirely new process has been developed in 
Hungary, whereby green crops are chaffed and crushed 
to a fine pulp in a mill. The object is to break down the 
walls of the cells of the plants and so permit the contents 
to get exposed to the digestive juices of the animal 
that consumes fodder prepared in this way. Ordinarily, 
much food value is lost because the animal cannot break 
down the majority of the cell structures. The pulp 
can be fed direct or dried off with wheat offals, such as 
bran or anything similar, and then be stored indefinitely. 
The size of electric motor required is about 5 h.p. 


LIGHTING. 


Tests have shown that 4 hour a day can be saved by 
feeding cattle by the aid of a good light. Again, the 
milk that is not spilled, due to the existence of a good 
illuminant, more than pays for the cost of the current. 


IN THE DAIRY. 


The greatest advance to be reported in the use of 
electricity in the dairy is in the operation of mechanical 
milking machines. While a considerable number of 
installations have been put into operation in this country 
(at present they are going in at a rate of three a week), 
the growth has been more remarkable in the Dominions, 
especially in New Zealand, where over 2 000 milking 
machines have been installed this year, making a total 
for the country of about 19 000. 


ULTRA-VIOLET LIGHT. 


Experiments recently carried out at the Rowett 
Research Institute, Aberdeen, in connection with the 
influence of ultra-violet rays upon the health and growth 
of cows, show that a radiation exerts its maximum effect 
on animals when, as a result of badly balanced rations, 
the retention of minerals is low. The cow in full milk 
is to some extent drawing upon its own calcium store, 
and in the case of a heavy milking animal the effect 
of this continuous loss may prove serious. Experiments 
with lactating goats have shown that if these animals 
are expesed to the radiation the loss of calcium and 
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phosphates from the body is decreased and sometimes 
a loss is converted into a gain. This is probably brought 
about by an increase in the absorption of this substance 
from the intestine. It has been proved that the pre- 
vention of this loss during the lactation period will 
increase the period of maximum milk yield and safe- 
guard the health of the animal. 

What seems to be proving a profitable field for the 
use of electricity is the application of ultra-violet rays 
for hens and chickens. This work is not as yet out of 
the experimental stage, though there is sufficient evidence 
to show that there are great possibilities along these 
lines. 

As a result of tests recently carried out at the Agri- 
cultural College of Wisconsin with mercury-vapour 
lamps, it was found that the hens, if treated with a 
10-minute ultra-violet radiation per day during the 
winter months, laid considerably more eggs than birds 
treated under exactly similar conditions though not 
exposed to the rays. The effect of the ultra-violet 
rays has also been tried on chickens and it is reported 
that strong, vigorous chicks have been produced, which 
at 9 weeks old weighed twice as much as chickens of 
the same age not subjected to the treatment. The 
Rowett Research Institute, Aberdeen, has also been 
carrying out similar experiments during the vear but 
have not as yet published any definite results of their 
experiments. 

Another novel form of exposing the birds to the 
ultra-violet rays is by means of an arc lamp with cored 
carbons which throws the radiation down on the ground 
through windows of '' vitaglass." The current consump- 
tion of these lamps, which permit of a number of chicks 
being irradiated at the same time, is 5 to 10 amperes. 
It is claimed that these artificial sunlight lamps give 
an exact reproduction of sunlight, containing all the 
visible rays and the whole of the natural ultra-violet 
wave-lengths and also the shorter ultra-violet wave- 
lengths up to the point of air absorption. This makes 
an extremely rich and penetrating radiation and at the 
same time removes all risk of burning. 

Mercury-vapour lamps have proved ineffective on 
black-feather birds. It is now bclieved that both fur 
and feathers serve more or less as a screen to the ravs. 
Further experiments are needed before any satisfactory 
methods can be recommended. This means that the 
arc lamp with cored carbons is the most dependable 
method at present. 

At present all experimental work in connection with 
ultra-violet rays is being carried out with expensive 
medical apparatus. Something cheaper is obviouslv 
required, and its provision ofters a wide field for the 
manufacturer. 

POULTRY. 

The lighting of the laying house to lengthen the short 
winter days has now become a very popular practice. 
Hundreds of English poultry farmers have adopted it 
during the past 12 months and it appears that the 
practice is becoming common on all large poultry farms. 
On one of the largest farms 45 kW is required for this 
form of lighting alone. 

It is now recognized that hens will lay more eggs 


during the period when cggs command the highest 
price, if the hours of feeding and exercise are extended 
during the winter months. This is purely a feeding 
problem and does not force the birds in any way. 
In fact, hens which are of sub-tropical origin, where 
days and nights are of equal length, thrive better when 
only allowed 10 to 11 hours’ sleep, as this reproduces 
their natural conditions. Further, they are properly 
fed, instead of being partially starved as they are without 
artificial light. The cost of the extra food consumed 
bv the birds is relatively small compared with the in- 
creased return from eggs laid during the period of lighting. 
The cost of current for lighting, with the price at 5d. 
per unit, works out at about 21d. per bird for the whole 
period, i.e. from October to March. This figure is the 
average price of one egg over the period, so that an 
increase of one egg pays the whole charge for current. 


BROODERS AND INCUBATORS. 


English manufacturers of electric brooders and in- 
cubators have increased in number during the past 
year, which indicates an increased demand. The chief 
advantage of the electric type over all others is the 
minimum of labour and attention required, elimination 
of fire risk, fumes and, in the case of brooders, sweating. 


RURAL LINES. 


Experience is rapidly being gained in the construction 
of these lines for British conditions. On every hand, 
costs are being reduced. It is of interest to note that 
on the Continent the use of creosoted poles—a British 
practice—is gaining favour. Alternatively, the wooden 
poles are mounted on ferro-concrete bases, so that the 
butts are about 1 ft. above the ground-level. As the 
rural loads on the Continent are becoming greater and 
more stabilized, serious consideration is now being 
given to underground cables. The Electricity Commis- 
sioners' Report for 1925-26 states that 194 applications 
for consent to the erection of overhead transmission 
lines were dealt with. 

DEVELOPMENT OF ELECTRIC POWER UNDERTAKINGS 

IN RURAL AREAS. 

During the past 12 months a good deal of extension 
work into rural areas has been done by a large number 
of electric power undertakings in Great Britain. 


CONCLUSION. 


Though it must be admitted that, at present in this 
country, progress in rural development is, on the whole, 
not verv rapid, it is very steadv and satisfactory, while 
the signs of the times are that it will not be many years 
before the standard will be up to, if not ahead of, 
Continental practice. 


DOMESTIC APPLICATIONS OF ELECTRICITY. 
By R. BonrAsrE MarrHEWS, Member. 


According to the 1926 report of the Electricity Com- 
missioners, the total consumption of electricity for 
lighting (other than public lighting) and domestic 
purposes in 1924-25 amounted to 20-3 per cent of 
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the total sales. This figure denotes very considerable 
progress. 

Taking only average working and _ middle-class 
houses in the more advanced areas, the consumption 
ranges from 100 to 300 units per annum for lighting, 
but reaches 1 000 to 3 000 units per annum when elec- 
tricity is also employed for cooking and other purposes.* 
The diversity value of a mixed domestic load is of the 
valuable order of 6 to 8.f 


POPULARIZING DOMESTIC ELECTRICITY. 


The year has been marked by a series of big efforts 
to popularize the domestic use of electricity. The 
progress of the Electricity Bill has fired the imagination 
of the public. 

Mention must be made of the propaganda work of 
the Electrical Association for Women, in the form of 
lectures, literature and exhibition displays. This Asso- 
ciation is doing a great deal to remove from the lay 
feminine mind that element of suspicion of the unknown 
which has ever been a stumbling block in the path of all 
scientific progress. It works in conjunction with the 
municipalities and displays a good deal of confidence 
in domestic cookery propaganda work. In this con- 
nection, electric cookers have been installed in a number 
of municipal cookery schools, often together with other 
types of domestic electrical equipment. 

Municipal engineers, naturally enough, have not 
failed to play their part in the same work. At both 
of the last two Conventions of the Incorporated Muni- 
cipal Electrical Association (at Brighton and at Glasgow), 
displays of electrical apparatus have created widespread 
interest in the latest types of cookers, hot-plates, heaters, 
etc.; whilst lectures on domestic supply delivered during 
these Conventions have been well attended. Though 
domestic supply has been neglected for a long time, 
it is now realized what a profitable load is available, 
if only it is handled properly. 


HIRING. 


Electricity supply engineers desirous of obtaining a 
large domestic load have discovered that this can be 
done only by adopting the policy of gas companies, 
viz. hiring out the apparatus to their customers. Where 
this policy has already been adopted—and it is rapidly 
becoming general in urban areas—the results have been 
extremely satisfactory. 

It took 10 years to increase the number of cookers 
by 50 per cent. Then the boom started, due both to 
better designed apparatus and to more enterprise on the 
part of the electricity supply authorities. Since 1923 t 
there has been an increase in cookers of about 600 per 
cent, which figure is expected to rise to 800 per cent 
in 1927. Glasgow has increased from 644 cookers 
to 2946 ; Manchester, 888 to 1735; Newport, 600 to 
1 600 ; Liverpool, 757 to 1401; Leicester, 636 to 
1271; Wimbledon, 309 to 887; Hackney, 348 to 874 
(one to about every 10 consumers); Preston, 277 to 
169; Leeds, 393 to 518; and similar increases could 
be cited in other towns. 

* Report of Advisory Committee on Domestic Supplies of Electricity and 


Methods of Charge, 1926. 
+ Jord, 


1 See Electrical Times. 


SHOW-ROOMS. 


Closely allied to the principle of hiring is the practice 
of running an electricity show-room and demonstration 
centre. In London and all the larger provincial towns 
show-rooms are now run on such much more ambitious 
lines than heretofore. It is now quite the accepted 
practice to employ women with domestic science diplomas 
to demonstrate and instruct would-be consumers in 
the correct way of getting the most out of each piece 
of apparatus. In some places, demonstration has been 
carried to a fine art, in the form of a model all-electric 
flat combined with a show-room. 


ELECTRIC HOUSES. 


A more specialized form of demonstration is that 
of a completely furnished and electrically equipped 
house, which the public are invited to inspect. Twenty- 
five such houses are now in operation and more are in 
preparation. An instruction booklet * has been got out, 
making suggestions as to how best to equip and run 
these houses, which suggestions are based on past 
experience. All-electric houses which are hved in, and 
do not serve solely for demonstration purposes, have 
hitherto been regarded as the haunts of luxury, but 
now builders have co-operated with clectricitv supply 
engineers in many parts of the country to produce all- 
electric houses at a moderate rate. Examples of such 
are to be seen in Brighton, Glasgow and Hull. In the 
last-mentioned town, 27 partly electric houses have 
been erected and offered for sale at a cost of £600 each, 
inclusive of the complete wiring installation for electric 
lighting and heating, but exclusive of the majority of 
the electrical appliances. These latter include fires, 
wash boiler, cooker, toaster, kettle, hot-plate, ' iron, 
vacuum cleaner and a water-heating installation which 
can be used as an alternative or auxiliary to the coal- 
fired saddle-back boiler. 

In Brighton a similar experiment has been carried 
out. In one of the residential districts a number of 
9-roomed partly-electric houses have been constructed, 
the selling price to the public being, on the average, 
£1000 each. The heating is not solcly electric, for 
there is a fire-place in each dining-room and a central 
water-heating stove is placed in each kitchen. There 
is an electric radiator in the dining-room and in most 
of the other rooms. 

What is known as the Woolwich experiment has 
now been in operation long enough for some interesting 
data to be available. All the 600 6-roomed houses built 
are equipped for electric light and cooking, but onlv 
four have been actually experimented with and turned 
into all-electric houses. Each of these have 9 lighting 
points complete with pendants and holders, peating 
plugs in all bedrooms, living room and parlour, one 
cooker, one wash boiler and two electric radiators, one 
of these latter being of the bowl-fire type. In this 
borough the heating and cooking rate is Id. per unit, 
water-heating rate 4d. per unit, and lighting rate 6d. 
per unit. Pre-pavment meters were installed in all 
four houses, and the results on an average show that 


* Obtainable from the British Electrical Development Association, 15 Savoy - 
Street, Strand, W.C. 2. 
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13 months’ lighting, heating, cooking and water-heating 
works out at £22 6s. 9d. 

Twelve all- or partly-electric houses which have been 
equipped in the Ilford district were built on the usual 
lines of Government house subsidy schemes, with six 
small rooms. One coal fire was allowed for in each 
house, although electricity could be used if preferred, 
and the building cost of each house amounted to £780. 
The hire and consumption charges have been fixed at 
2s. per week, plus #d. a unit for the energy consumed. 

In connection with fully-equipped electric houses, 
mention may be made of a paper on “ An All-Electric 
House " * by Prof. S. Parker Smith, D.Sc., in which 
a description is given of the installation, equipment 
and running costs of a 10-roomed house worked 
entirely by electricity. At the Glasgow rates, the annual 
charge for electricity in each of two years was less than 
£44, being approximately the same as for gas and coal. 
Figures given in the discussion showed that the effective 
heat units in this house were àbout the same as with 
other methods, and it was considered that electricitv 
enabled the services of one maid to be dispensed with. 


GENERAL PUBLICITY. 


Of all schemes for spreading the use of electri. ity in the 
home, the most important is now being undertaken by 
the combined efforts of the British Electrical Develop- 
ment Association and the Electric Lamp Manufacturers' 
Association. The whole country has been divided into 
large areas with operáting Committees, and exhaustive 
instructions are issued from headquarters as to the 
lines of action to be pursued. Exhibitions of electric 
houses in different areas are to figure as largely in the 
campaign as finances permit. At the Ideal Home 
Exhibition in March last, the E.D.A. all-electric house 
was a model for demonstration purposes. In addition 
the whole country has already been flooded with litera- 
ture, the incentive to the reading of the same being 
provided by an attractive competition with a premier 
prize of £2000. All literature issued is a combination 
of valuable information with good propaganda.f 


TARIFFS, 


Multi-part tariffs are increasing in favour. They 
certainly encourage the freer use of electricity for all 
purposes, which is essential if the domestic load is to 
be exploited to the best advantage. The rateable- 
value method has not been found to be entirely satis- 
factory, and hence a number of alternatives are being 
tested. Some of these require inspection of the premises 
—which is both objectionable and expensive—so as 
to ascertain such factors as floor area, number of active 
rooms, apparatus and lamps connected and so on. 
This matter is discussed in some detail in the 1926 
Report of the Advisory Committee on Domestic Supplies 
of Electricity. It is of interest to note that slot meters 
are being developed to take a '' fixed charge" payment 
at regular intervals and then to release “units” bv 
the insertion of further coins. The maximum-demand 
system is fast dying because, though theoretically fair, 

* Journal I.E.F., 1926, vol. 64, p. 289. 


T Those desirous of obtaining this literature should apply for copies to the 
British Electrical Development Association, 15 Savoy Street, London, W.C. 2. 
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it is restrictive and not easily understood by the 
consumer. 

A fixed charge, plus $d. to Id. per unit, certainly 
seems popular and encourages a liberal use of current. 
An additional low rate is now offered by certain under- 
takings for thermal-storage apparatus such as water 
heaters, operated during the night hours. 


LAMPS AND FITTINGS. 


While considerable research work is in progress, no 
drastically new developments have appeared on the 
market, with the exception of the internally frosted 
lamp. This type of lamp will greatly improve illu- 
mination standards, especially where people do not 
know enough to shade their lamps properly. An 
internally frosted lamp has the great advantage that it 
is so easy to keep clean externally. 

The demand for bowl and other semi-indirect fittings 
is greatly increasing. The present publicity campaign 
has done a good educational work in that direction. 

The beneficial effect of light treatment in our 
northern winter season is becoming generally appre- 
ciated. In this connection, the mercury-vapour lamp 
has become a strong rival to the arc lamp. The sales 
to medical men and even to the general public are very 
large. 


ELECTRIC COOKERS, 


The details of design have greatly improved of late, 
though boiling-plates still leave much to be desired. 
The popular demand seems to be for something that 
looks and operates like a gas cooker, hence much initia- 
tive and improvement on the part of electric cooker 
designers is undoubtedly suppressed. There seems to 
be a tendencv to revert to the solid-top tvpe of boiling- 
plates, but with increased loadings. The more 
economical utensils with self-contained elements, but 
without flexible cables, are attracting more attention, 
but the first cost appears to be a more serious matter 
to the user than a saving in running costs. 

Top-and-bottom heating versus side-heating of the 
oven is still a controversial point. While it takes a 
little more skill to learn to operate a top-and-bottom 
heat oven, it is claimed that better results can be 
obtained in pastry and bread making. Some of the 
more recent ovens embodv heaters on the lower parts 
of the sides and on the bottom and thus effect a com- 
promise which is excellent for baking. Interest is 
again being revived in the thermal-storage cooker. 
Excellent results with a new design have been obtained 
in Sweden. 

The consumption of 1 to 14 units per person per day 
still seems to be about the average, though with self- 
contained utensils the consumption is greatly reduced. 


ELECTRIC HEATERS. 


These are now being made in very large quantities. 
Radiant heaters in particular are verv popular, as thev 
so quickly bring about a sense of warmth. The imita- 
tion of a flickering coal fire has thoroughly established 
itself as a favourite, Lurther, many artistic designs. 
are incorporated in this tvpe. The general design of 
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many electric fires leaves much to be desired, but their 
portability is much appreciated. 


ELECTRIC REFRIGERATION. 


At the beginning of 1927, alterations in the laws 
governing the amount of preservative matter which 
it is legal to put in foodstuffs were made, with the 
result that domestic refrigeration will become a more 
vital problem. 

Experience has shown that the ideal food preserva- 
tion temperature should not exceed 40°F. This is 
10 degrees lower than the average temperature in London 
throughout the year, and also 10 degrees below the 
temperature of a block-ice box. Hence mechanical 
means of refrigeration are necessary. Such a process 
would not be within the sphere of domestic operation, 
were it not for the existence of the electric motor, hence 
the partial misnomer  ''electrical refrigerators.” * 
Again, such appliances should not strictly be considered 
as refrigerators in the technical sense, but rather as 
cold larders. 

The usual size of motor or electric heater is 300 watts. 
As the operation is intermittent, the running costs are 
low, the consumption averaging 2 units per day. The 
average overall cost of operation, including interest, 
depreciation and current, is estimated at about 7d. 
per day. Against this must be credited the very con- 
siderable saving in food and trouble and the improve- 
ment in health. 

Electric refrigerators provide an attractive load 
from the central station point of view, as there are so 
many of them in the aggregate, and the current demand 
is heaviest in summer. It is also well distributed, as it 
extends over the 24 hours of each day, with a good 
diversity factor. 

An electric refrigerator has been fitted in every suite 
in a large block of flats recently erected in London. 


OTHER ELECTRICAL APPARATUS, 


An approximate census indicates that nearly 5 million 
electrical appliances (excepting lamps, lighting fittings 
and the like) are in use in this country.. This includes 
over half a million electric flat irons, toasters, percolators, 
warming pads, geysers, etc. Sewing-machine companies 
are strongly advocating the electric drive, while the 
electric vacuum cleaner has become quite a common 
home auxiliary. Electric washing machines and boilers 
are rapidly spreading. 

Intensive direct selling of many domestic electric 
appliances along American lines is now taking place 
in this countrv. As servanis grow scarcer and the 
mistress of the house has to do more of the work, the 
use of these appliances will undoubtedly increase. 


CONCLUSION, 


The field of domestic electricity supply has already 
proved to be a most attractive one. With improved 
and reliable appliances at reasonable cost, the outlook 
for manufacturers is good; the central station load 
that is possible is well worth the employment of an 

* There is a type of domestic apparatus of tbis class which need not neces- 


sarily be electrically operated, as it only needs a source of heat—which may be 
electricity, gas or oil—and a supply of cold water. 
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adequate maintenance staff; while it is only a matter 
of time before the comfort, convenience and labour- 
saving healthfulness of the all-electric home will be 
available to everyone living in the more populous parts 
of these islands. 


ELECTRICITY SUPPLY TARIFFS AND 
METHODS OF CHARGE. 


By J. W. Beaucuamp, Member. 


The period under review may have been less fruitful 
than usual in new suggestions for pricing electricity, 
but has certainly been marked by a more general agree- 
ment upon the basis of tariffs and a wider acceptance 
of the principle of making the suppliers’ standing costs 
a first charge upon the consumer and in some way 
proportionate to his “ peak responsibility," that is, 
the extent to which his way and time of using energv 
commits the supplier sooner or later to capital 
expenditure. 

It is also coming to be realized that in fixing tariffs 
regard must be had to the value of the service rendered 
to the consumer. This value varies widely with different 
applications of electricity and with the class of goods 
or service which it helps to provide. 

The many and varied ways of charging for electricity 
have frequently formed an intellectual stumbling block 
to the layman who sees nothing more like one unit than 
another unit; yet no method of charging could to-day 
be less equitable than the uniform flat rate so often 
called for by those unfamiliar with the economics of 
electricity supply. Confusion in the public mind on 
this subject has often arisen from the tendency of 
engineers to over-explain their methods and justify 
to the user calculations which should not pass beyond 
the orbit of their own staffs or be regarded as more than 
a foundation for a line of charges. Although such charges 
may not be simple, they can nevertheless be made 
intelligible and put forward in a form which will not 
encourage argument about their equity. 

During the year the Electricity Commissioners have 
received from an Advisory Committee set up by them 
a report upon Methods of Charging.* Although this 
report refers principally to charges for domestic supplies, 
it is worthy of perusal, for it indicates how much 
electrical development, with all its reactions on manu- 
facturers and contractors, may depend upon methods of 
charging for energy. 

Industrial supplies are still largely sold at flat rates 
per unit, graded to diminish as quantity taken over a 
period increases, or, and more correctly, as quantity 
in relation to rate of use increases. 

These step or block rates and quantity discounts are 
computed to offer to the consumer an average cost 
bearing some relation to his load factor. There is, 
however, an increasing tendency to ofler self-adjusting 
tariffs of the maximum-demand type, using an instru- 
ment to record the demand as well as one to record 
the energy consumed. In such power tariff agreements 


* Report of the Advisory Committee on Domestic Supplics of Electricity and 
Methods of Charge, appointed by the Electricity Commissioners under the pro- 
visions of Section 4 of the Electricity (Supply) Act, 1919 (H.M. Stationery 
Office, price 1s.) 
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there is frequently a sliding-scale adjustment on the 
unit charge for variation in cost of fuel to the suppliers 
and even of wages and other important variables ; and 
consequently they have the merit of allowing the supplier 
and consumer to share economies in production cost 
arising from increasing load factor, and automatically 
encouraging the wider use of power, while their use in 
a way which would react against cheap production is 
checked. Changes in capacity of a user's machinery 
or the adaptation of electricity to fresh uses can thus 
proceed without hindrance or those frequent discussions 
of terms which have in the past led to a bewildering 
mass of special contracts between electricity suppliers 
and their large consumers. 

The charge for such supplies is now frequently based 
on kilovolt-ampere demand, thereby checking the use 
of apparatus which may unduly reduce the working 
power factor of a supply system either at any time of 
the day or during peak hours only. With large supplies 
there is much to be said for this; but small users may 
collectively bring about low power factor and entail 
non-revenue-bearing expenditure. Individually these 
users may be too small to justify the complication of 
charging on a kVA basis; and it is preferable for 
the undertaking to provide machinery on its network 
which will, under the supplier's own control, keep up 
power factor, the cost of such machinery falling in 
with other charges for the whole supply and being 
contributed to by all users. Methods of charge which 
penalize low power factor demand have already led 
to the use by consumers of condensers and other devices 
for raising the working power factor of their installation. 


WORKING HOURS. 


The reduction of working hours in factories is not 
conducive to cheaper supplies of electricity, and the 
advantage of their all-day demand is to some extent 
offset by its continuance in winter into the period of 
the day when the general demand for light is at its 
maximum. 

There is, however, a distinct widening of the use of 
electricity in manufacture, through its application to 
industrial heating, the increasing standard of artificial 
lighting and its resulting use over longer hours. The 
ease of control over electric heating processes offers 
encouragement to their use during the night and, given 
methods of charge which automatically offer advantage 
for lengthened hours of use, many fresh applications 
should develop and improve load factor even in “ single 
shift '" works, which are naturally in the majority. 

In “ process ” industries where two or three shifts 
are worked, the product may often be such that the 
cost of power is an important item and the supplier of 
electricity may be obliged to offer low rates because the 
manufacturer can himself generate electricity cheaply. 
Experience of the user, however, confirms that “ home- 
made ” power does not pay, in the sense that a public 
supply is always worth something more than the all-in 
cost at which a manufacturer can meet his own needs. 


SPECIAL LIGHTING RATES. 


In giving considerable power supplies it has frequently 
been the practice to allow energy for lighting at power 


INDUSTRIAL, AGRICULTURAL AND DOMESTIC APPLICATIONS OF 


rates up to a certain proportion of the power con- 
sumption. 

Growth of the measured maximum-demand method of 
charging and the increasing appreciation by manufac- 
turers of the value of modern lighting is overcoming the 
necessity for special treatment of this kind ; the educa- 
tional work of various associations in the industry has 
brought to the user of electricity a better appreciation 
of its real value to him, particularly in modern electric 
lighting, which is often more than a mere illuminant 
owing to its great influence on the quality and quantity 
of production and the safety and efficiency of those 
working under it. 

Similarly, large commercial undertakings are often 
given special tariffs for light, although the hours of 
use may not justify it. Additional concessions have 
also been given for all-day lighting in basements and 
dark places and for the lighting of display windows 
after closing hours. Some of these reductions are justi- 
fied by the increase in load factor more than by the 
value of service argument. In citics where construction 
costs are high the use of electricity for lighting and for 
ventilation increases the value of many parts of a building 
which without these facilities could hardly be employed 
at all. 


AGRICULTURAL TARIFFS. 


So far few special forms of tariff for the farm or 
for the use of power on the land have emerged. Tariffs 
and rates applicable to urban use may be unsuitable 
for scattered and rural supplies, where distinctly higher 
prices may be necessary and indeed easily obtained 
if the more serious difficulty arising from the cost of 
distribution lines and of the consumers’ equipment 
can be dealt with. Here there is an opportunity and 
probably real need for electricity suppliers to offer 
widely inclusive service charges which will enable the 
farmer to pay for cables and machinery by something 
equivalent to a rent, and in addition to pay for the 
energy used at a rate which might seem high to a town 
user who has at hand alternative sources of heat and 
power unattainable in the country. The advantages 
of heat energy in the form of electricity are greater to 
the isolated user, and in the course of the year a very 
moderate consumption can make a great difference to 
the efficiency and productivity of any organization of 
land or farm workers. 

Suitable methods of charge can also help the supply 
undertaking to keep some control over the technical 
equipment of such consumers who, left to their own 
devices, might buy unsuitable equipment, resulting in 
a poor load-factor demand and troubles in operation 
discouraging to development in this field of work. 


DoMESTIC SUPPLIES. 


Recent years have brought great change in the possi- 
bilities of the dwelling-house as a user of electricity. 
The class of domestic premises covering the modern 
“subsidy ” house and flats and middle-class properties 
up to a capital value of, say, £3000 is a very large 
one. These dwellings require from 100 to 500 units per 
annum for lighting only. When a suitable tariff is in 
force and facilities exist for obtaining electrical appli- 
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ances for cooking, room heating and the more usual 
labour-saving devices, this rate of consumption is 
easily increased tenfold and the load factor improved. 
Beyond this stage the further use of electricity for water 
heating can double the use of energy, even if fuel is still 
relied upon for the heaviest of the heating requirements 
in winter. 

The old method of charging for electricity used in the 
home at two or more flat rates through separate meters 
is rapidly giving place to composite tariffs which call 
for a periodic subscription or payment and charge for 
all units at one or two low rates and generally through 
one meter for all purposes. 

A representative form of domestic tariff may offer 
to a consumer :— 


Flat rates, say 6d. per unit for lighting, and 14d. 
per unit for other uses. 

Two meters and separate circuits for lighting and 
other uses. ` 


Or alternatively 


A fixed charge of £6 per annum and ld. per unit 
for all purposes. 


A user of 300 units per annum for lighting would 
pay £7 10s. under the first taritf and £7 5s. under the 
second ; but in the latter case extension of his hours of 
lighting would be chargeable at only ld. per unit, and 
this rate would be available to him at any time and at 
any part of his house for heating, cooking, ventilating, 
refrigerating or labour-saving machines, Extensive 
space or water heating is catered for in some cases by 
a third term in the tariff, charging first by the fixed 
subscription per year, secondly a low rate per unit for 
a large block of units, 1 000 to 5 000 for example, and 
a still lower rate for all consumption beyond that limit. 
Where energy for water or room heating is used on the 
storage principle, i.e. in appliances which store up energy 
in the form of heat over a long period during the night, 
it may be cut off during the maximum peak period 
and a few hours per day in winter, or it may be charged 
at a higher rate during these times. For this purpose, 
meters with a cut-off feature or of the ''two-rate ” 
class areemployed. This method has not been employed 
so much in this country as abroad. 

Generally, domestic tariffs should not be associated 
with restrictions in manner and time of use by the con- 
sumer if this can be avoided ; perpetual readiness to 
serve is one of the principal advantages of electricity and 
one not lightly to be sacrificed. 

" Alternative switching” provides that a consumer 
using appliances up to a certain load limit may add 
further apparatus if it is so connected that it can be 
used in place of, but not in addition to, the remainder 
or part of the remainder of the installation. 

In some flats (for instance at Shoreditch) this method 
has been used for water heating, the turning off of 
lamps directing the energy into a water tank, this 
resulting in a fixed demand at 100 per cent load-factor 
consumption against a definite monthly charge. 

Similarly, where cookers have been put into use on an 
exiguous mains network, consumers have been allowed 
geysers or other appliances which can only be used when 
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the cooker is out of action, so keeping the maximum 
demand within limits and yet offering further outlets for 
energy. 

In the '' dispensable circuit" method (Wilkinson) an 
all-electric house installation is divided into two circuits 
—one connecting all appliances which the consumer 
must use as and when convenient to him, the other 
those of which he can postpone the use, the latter being 
charged at a lower rate and permitting the supplier to 
offer cheap energy, with the knowledge that it cannot 
be taken when his machinery is occupied with more 
remunerative business. 

Where prepayment meters are used the desirable 
features of the multi-part tariff are more difficult to 
secure, In some cases the fixed charge has by arrange- 
ment been added to the house rent, leaving the meter 
to deal only with the units. 

At present a type of meter is being introduced which 

will collect the standing charge by making it necessary 
to insert so many coins into the meter each weck or 
month in addition to the money required to release units 
for use (constant-loss meter). 
. For small properties there has been a considerable 
use of the contract method of charging, consisting of a 
fixed periodic charge for normal use of a certain capacity 
of lighting material and without metering. As there is 
a tendency with this method to lengthen the hours of 
use and lead to waste on the part of the consumer, 
the load factor of such supplies is apt to rise whilst 
revenue remains constant. There is also a temptation 
to misapply the energy and employ it for warming. 
Increasing knowledge of electrical appliances makes 
it easy for contract systems to be abused, and even 
where water power is employed thcre appears to be no 
sound argument for using less than one meter for each 
connection or for allowing unmetered employment of 
energy. 

The multi-part method of charging can be made to 
cover stand-by supplies, minimum charges and the many 
complicated checks on the undesirable consumer which 
have needed special treatment under the old flat-rate 
system, 

This country, in common with many others, is at 
the present time in the process of rehousing itself, 
a development which is likely to last for another 
generation. 

It is important that these houses, which are mostly 
small, should be encouraged to use electricity also for 
other purposes than lighting, either to give them labour- 
saving facilities which they could get in no other wav, 
or to replace some of the expenditure on gas or fucl 
to which they are now committed, 

A correct form of tariff is one of the most important 
features in such development. On the other hand, the 
spread of electrification, particularly in the home, is 
often more restricted by the first cost of the necessarv 
installation and apparatus than by the rate charged 
for electricity. This is not sufficiently recognized, and 
it is always of interest and value to consider with the 
rate to be offered for electricity, also the expense which 
the consumer must meet to employ it. In domestic elec- 
trification some of the appliances are relatively high in 
price, yet consume so little energy in the vear that the 
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rate per unit is unimportant; others, though less in 
first cost, will use large quantities of electricity, and 
consequently the rate charged must be reasonably 
competitive with the cost of gas or coal. 


BULK SUPPLIES FOR RESALE. 


A great many undertakings are to-day selling electrical 
energy which they do not generate. In most cases this 
energy is purchased from suppliers on a multi-part tariff 
identical in general form with that employed for big power 
supplies. Examination of some of these bulk contracts 
has shown that attention is desirable to the division 
of the total charges between the fixed and running 
items if the business is to grow. Where the whole of 
the energy distributed is bought from a central source, 
the terms of the buying contract may settle the lower 
limit at which the energy can be resold, and it is im- 
portant that tariffs for bulk supply should be made with 
regard to the lowest rate per unit at which the buyer 
may wish to resell, in order to promote continuously 
increasing business. | 

In some of these contracts the fixed charge appears 
to be lower than it need be, and the running rate per 
unit higher than desirable, and this will perhaps tend 
to restrict the reseller's business to lighting, power and 


small appliances, making it impossible for him ever to 
give those supplies for heating and night use which 
would be valuable both to him and to the wholesaler. 

The general tendency of tariff-making to-day may be 
summed up very briefly as follows :— 


(1) Concentration on those methods of charging 
which secure to the supplier a proper return 
on his fixed charges, and one or more selling 
prices for, measured energy which shall be low 
enough to encourage continual growth of 
output. 

(2) Offering facilities for obtaining and maintaining 
appliances, with the financial assistance of the 
undertaking which furnishes the power for their 
use. 

(3) Closer contact between the supplier and the user 
of electricity. 

(4) More control by the supplier over methods of 
use adopted by the consumer. 

(5) Fuller realization by the supplier that from the 
user's point of view electricity is not an end 
in itself, but, together with his installation and 
apparatus, is only a means towards the service 
of light, heat or power which he needs. 
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CO-OPERATIVE RESEARCH.* 
By E. B. WEDMoRE, Member. 


The value of co-operation as an aid to progress in 
the technical field is now generally recognized, but in no 
country is co-operation in electrical research so highly 
developed as in Great Britain. It was during the war 
that committees were first established to initiate and 
conduct researches for the general benefit of large 
sections of the industry, separately by the Institution 
and the British Electrical and Allied Manufacturers’ 
Association. Government support was proffered, and, 
happily, the Government officers made it a condition 
that these movements, separately initiated, should be 
united. This resulted in the establishment of the 
Electrical Research Committee in 1917, and later, in 
1920, following the development of industrial Research 
Associations under the Department of Scientific and 
Industrial Research, the Committee was reconstituted 
as an incorporated Research Association, known offi- 
cially as the British Electrical and Allied Industries 
Research Association and colloquially as the “ E. R.A." 

The two requisities for research are persons and 
resources. In the establishment of research committees 
and in the conduct of researches one has first to seek 
out those persons best able to deal with the particular 
matter. Such persons cannot be trained in a short 
time, and an examination of all the available personnel 
generally discloses only one or two individuals with 
outstanding qualifications for the particular task. Then 
resources have to be found or created. If any consider- 
able facilities are required, economy will probably dictate 
the use of those already available. A Research Associa- 
tion, representative of and well supported by the 
industry, can, of course, secure the aid of persons and 
facilities not otherwise available. 

The work of the E.R.A. now covers a large part of 
the field of research of interest to the electrical industry, 
and will cover the whole as soon as the necessary 
material resources are available. In the work already 
undertaken, the Association has secured the co-opera- 
tion of nearly all those best qualified to assist, and 
where there have been exceptions they have arisen 
rather from lack of publicity on the part of the Associa- 
tion than from any hesitation on the part of those who 
might have been brought in. We have in the E.R.A. 
the manufacturer and the user, the technical and the 
scientific worker co-operating in both the planning and 
the conduct of research to an extent not found else- 
where. Researches in which many individuals co- 
operate have been and are being conducted within the 
walls of large manufacturing corporations in America 
and in Germany on a scale not yet possible in this 
country, but in Great Britain we have co-operating 
the user and manufacturer, the university and the 
works laboratory, the manufacturer of electrical plant 
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and the manufacturer of the raw materials he uses; 
and the benefit is reflected in the quality of the results 
obtained. These results are embodied in 160 or more 
Technical Reports issued to members of the Association. 
About one-third of the Reports have since been 
published * for the general benefit of the industry, 
mostly through the Institution Journal. 

The E.R.A. has filled a recognized gap in the organiza- 
tion of the electrical industry, functioning as a means 
for essential co-operative effort, not as a substitute for 
the efforts of individuals or for the private works 
laboratory. Most of the work it has undertaken could 
not have been carried out except by co-operation. 

Co-operation is required to secure uniformity of nomen- 
clature, definition and classification. Much technical 
data obtained in the past lacks precision to such 
an extent, through want of such uniformity, as to 
have no permanent value. Important work has been 
done in this field, especially in insulating materials, and 
in this case extending far beyond the electrical pro- 
perties. It was impossible to correlate electrical pro- 
perties with methods of manufacture and materials 
employed whilst the technology of manufacture of the 
raw materials remained a mystery to the electrical 
engineer, and the technical requirements of the engineer 
a mystery to the makers of the raw materials, and 
whilst products were known mostly by general or trade 
names. 

Co-operation has proved of value in the study and 
development of methods of measurement. Knowledge 
has been pooled both as to characteristics which are 
important for various uses and as to the technique of 
methods best adapted to establish those characteristics. 
Without uniformity of method, comparison of results 
from different sources remains wholly unreliable. Until 
reliable methods of measurement are available for 
gauging all the important properties of a product for a 
particular purpose, it is impossible to establish a British 
Standard Specification. Moreover, how can a maker 
hope to bring his own products up to high standard or 
convince his better-informed customers of their merits 
until adequate methods of measurement are provided ? 
The E.R.A. has now in hand investigations for the pre- 
paration of purchasing specifications for a score of 
materials for which in the past there were no recognized 
standards. 

Work of the kind above described does not produce 
results of a kind that jump to the eye, yet as applied to 
the manufacture and purchase, for example, of insulating 
materials, it is undoubtedly creating a revolution. 

Serious research work of the class described is nearly 
always necessary as a preliminary to what some like to 

* A list of these Reports may be obtained on application to the E.R.A., and 
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call real research, whether the subject be directly or 
only indirectly connected with a problem of immediate 
industrial importance. One might hazard the state- 
ment that the more academic the problem and the more 
remote from immediate practical application, the more 
important it is that the language and methods used 
should have been subiected to the closest scrutiny, as 
there is not in such case the check which comes from 
having to try out the result in practice. Errors may 
lie undetected, and results recorded may prove of no 
value when an attempt is made to apply them later. 
Moreover, the work may prove sterile for lack of some 
piece of knowledge which could have been obtained by 
co-operation with others. 

The carrying out of work of the kind described brings 
frequently to light the necessity for deeper scientific 
study. Arising in this way, important original work 
has been done on electric strength, surface contact 
phenomena, dielectric losses, properties of the electric 
arc and thermal transmission coefficients, to mention 
leading examples. 

Notwithstanding that the E.R.A. has been established 
for more than six years, there still remains an immense 
accumulation of problems which show great promise 
and which have not yet been solved because no indi- 
vidual or corporation working alone can command the 
facilities required. It is in this field that the most 
striking results have been obtained, and a few items 
may be cited. 

It is well known that the Association has put on a 
sound basis the purchase of insulating oils and the 
utilization of buried cables and overhead wires and 
cables. It has been estimated that the value to the 
industry of existing underground cables bas been 
enhanced by £4 000 000 through the publication of 
information showing how they may be safely utilized 
to the full and how damage may be avoided, to which 


must be added a very heavy annual saving in the 


purchase of new material. 

The co-operation, through the Institution of Mecha- 
nical Engincers, of E.R.A. steam-turbine manufacturers 
with professional and scientific workers in researches 
on turbine nozzles has led to improvements in effici- 
ency representing, as computed on a representative 
100 000-kKVA power station, a saving of £6 000 per annum 
on the coal bill. 
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In the design of steam turbines and high-pressure 
engines, for lack of co-operative effort the manufacturer 
has had to venture far beyond the range of established 
data on the properties of steam. This is now being 
remedied through the E.R.A., which has been able to 
provide the necessary facilities for Prof. H. L. Callendar. 

A similar condition arose in the steam-condenser 
industry and is being remedied in a similar manner. 

The design of large electric circuit-breakers, on which 
depend the continuity of electric supply and the safety 
of expensive generators and other plant, has hitherto 
been on a highly empirical basis. The facilities obtained 
through the co-operation of the Newcastle-upon-Tyne 
Electric Supply Co. have enabled the E.R.A. to conduct 
investigations into the nature of circuit-breaking under 
oil which are leading to revolutionary changes in present 
ideas and in the basis of design. Methods of circuit- 
breaking have been developed and already tested on 
a relatively small scale which have proved many 
times more efficient than those now in commercial 
use. 

It is impossible within the confines of a review of 
this character to make any lucid reference to more than 
a small fraction of the work which has been done. 
The printed list of mere headings under which researches 
are already being conducted by the Association would 
alone run to more than four pages of the Journal, and 
none have been undertaken which are not recognized as 
urgently required for the furtherance of some section of 
the industry. 

An examination of the results just cited, obtained 
through certain important researches, shows that they 
are of a character which, while directly or indirectly 
profitab'e to the manufacturer, have produced far higher 
returns to the supply industry, and will ultimately give 
to the consuming public returns many hundreds of 
times the expenditure incurred. 

some of the more enlightened sections of the manu- 
facturing industry are already contributing to the 
Association more than a farthing in the pound on their 
annual turn-over. If every section of the industry 
would contribute on a corresponding scale the Associa- 
tion would be able to extend its activities into every 
branch, and progress would be so accelerated as should 
lead in a few years to a revolution in the whole 
industry. 
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TESTING OF CEILING FANS.* 


By E. Hucues, B.Sc., Ph.D., Associate Member, and W. G. WHITE, Graduate. 


(Paper received 30th June, 1926.) 


SUMMARY. 


It appears to be the practice to state the volume of air 
displaced per minute by a ceiling fan without any reference 
to the conditions under which the measurements are made. 
The tests detailed in this paper were undertaken to 
determine the influence upon the measured volume of 
air of :—— 

(a) Distance of plane of observation below fan blades. 

(b) Position of fan in, and size of, room. 

(c) Height of fan above toor. 

(d) Distance between fan and ceiling. 

(ec) Room temperature. 

(f) Speed of fan. 

Recommendations are made relating to the conditions 
under which air velocities should be observed. 


INTRODUCTION. 


When ceiling fans are being compared on the basis of 
air displacement, such comparison is useless unless the 
measurements have been made under similar conditions. 
There appear to be practically no data published 
dealing with such conditions; and the experiments 
described in this paper were carried out for the purpose 
of determining the factors upon which the measured 
volume of air depends. 

In the Electrical Review of the 18th January, 1924, 
R. O. Kapp gives curves of air velocity measured in 
four directions at right angles to one another, and 
suggests that more consistent measurements of air 
velocity can be obtained by placing the fan at the top 
of a metal chimney 15 ft. square and 10 ft. high, 
having an opening about 2 ft. high at the lower end to 
allow circulation of air. Such an arrangement has 
the disadvantage that the fan is working under artificial 
conditions and is not allowed to set up the kind of 
draught that may be peculiar to the design of its blades. 
The screen eliminates any induced draught, whereas 
the latter forms a large percentage of the total volume 
of air circulating normally. 

The following tests, with one exception, were per- 
formed on a 654-in. a.c. ceiling fan of a certain make 
(here referred to as fan ' A"). The remaining test 
was performed on a similar fan of another make 
(referred to as fan ' B"). A Negretti and Zambra 
anemometer was employed, this instrument being 
attached to a carrier that could be moved along two 
parallel iron strips on edge. These strips, which were 
9 in. apart, were supported at one end by a vertical 

* The Papers Committee invite written coramunications (with a view to 
publication in the Journal if approved by the Committec) on papers published 
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rod attached to the lower bearing of the fan. The 
draught follows a spiral curve making an angle of about 
15? with the vertical, but the actual slope is different 
for different positions. To facilitate the comparison of 
the results, however, the vertical component of the 
velocity was measured in every case, the readings being 
noted at 4-in. intervals in a radial direction. 

The tests were carried out in a large drawing-hall 
(with tables removed), and the room temperature 
throughout the tests was kept within the limits of 
12-8? and 13-5? C. except when the room was deliber- 
ately heated to determine the influence of temperature. 

The air velocity was occasionally erratic, and it was 
found extremely helpful to plot the air velocity against 
the radial distance whilst the test was in progress, 
thereby enabling a suspicious reading to be detected 
and checked. 


VARIATION OF AIR VOLUME WITH DISTANCE BELOW 
Fan BLADES. 


The strips supporting the anemometer carricr were 
so attached that the distance of the instrument below 
the blades could be set to any desired value. Figs. 1 
and 2 indicate the variation of air velocity with the 
distance from the fan axis for two 54-in. fans ('* A" 
and “ B”) of different manufacture. The different 
curves represent velocities measured at different dis- 
tances below the plane of the blades. The latter wcre 
46 in. below the girder to which the fan was attached, 
and were 10 ft. 2 in. above the floor; the distance to 
the nearest wall was 165 ft. 

It wil be noticed that the air velocity falls off 
rapidly under the blade tips, which in both fans were 
curved upwards slightly. This variation of velocity is 
particularly rapid immediately under the blades. The 
point of maximum velocity, however, moves a little 
nearer the axis of the fan and the velocity curve 
becomes flatter as the distance below the fan increases. 
It is of interest to notice that immediately under the 
centre of the fan there is a zone where the air simply 
eddies round. In none of the velocity curves obtained 
during this investigation was there any indication of 
the dip observed by Kapp. 

From the standpoint of air displacement, velocity 
curves may be very misleading. The quantity of air 
per unit radial distance is proportional to the product 
of the velocity and the radius, and Figs. 3 and 4 show 
how this product varies with the distance below the 
two fans in question. A comparison of these curves 
with those in Figs. 1 and 2 indicates the importance of 
obtaining reliable readings of air velocity on the out- 
skirts of the draught zone; and this is where the 
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difficulty of observation arises. 
matter of having a sensitive anemometer. 
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difficulty is the erratic nature of the air velocity— 
beyond a certain radius the direction of the draught 
may reverse several times during an observation. Ata 


distance of about 1-2 ft. below tbe fan it is compara- 
tivelv easy to determine the point at which the draught 
definitely reverses its direction, but below that the 
difficulty increases rapidlv. 
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It will be obvious that if the abscissz in Figs. 3 and 
4 be in inches and the ordinates be the product of the 
velocity in ft. per min. and the radius in inches, the 
volume of air displaced is 
27 X area enclosed by curve 
144 


The areas were, in all cases, determined by a planimeter. 


cub. ft. per min. 
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In Fig. 5 curves are given showing how the volume 
of air per minute per watt of input power varies with 
the distance below the fan blades. It will be observed 


that the greater the distance, the greater is the quantity | 
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of air displaced; in other words, eddy currents of air 


are induced by the main draught and these currents 
serve to augment the total volume of air in circulation. 
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These induced currents are beneficial in promoting 
greater circulation of air, but they render it essential 
to specify definitely the conditions under which the air 
volume should be measured if the results of different 
tests are to be in any way comparable. 

Measurements taken immediatelv under the blades 


369 


neglect almost entirely the induced draught—an amount 
that depends upon the air velocity and the shape of 
the draught cone. On the other hand, at a distance of 
4-5 ft. below the fan the draught cone is spread out 
to such an extent that it is difficult to determine the 
air volume accurately, especially as the error in air 


| volume for a given percentage error in velocity is 


greater the greater the distance of the point of observa- 
tion from the fan axis. It would appear that a distance 
of 3 ft. below the fan blades forms the best compromise. 


EFFECTS OF POSITION IN AND SIZE OF Room. 


With fan “ A ” in the same position as in the above 
tests, the distance to the nearest wall being 15 ft., 


| the air velocity was determined in the north, south, 
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| east and west directions on a plane 3 ft. below the 
| blades. 


The results are plotted in Fig. 6, from which 
it will be seen that the values are almost identical. 
Kapp’s curves, referred to above, indicate appreciable 


| differences for the four directions. There seems to be 


no reason why such differences should occur if the floor 
is Cleared of any objects that may divert the draught. 
It has been found that if a ceiling fan is tested in a 


| small room, the volume of air displaced is greater than 


that measured in a large room. In order to investigate 
this point, the clamp by which the fan was attached 
to the girder was shifted along until the axis of the 


| fan was only 7 ft. from the wall, and the air velocity 


was measured on a plane 3 ft. below the blades. The 
results, plotted in Fig. 7, indicate that the effect of 
reducing the distance between the fan and the wall is 
to increase the quantity of air circulating in that space 
and therefore to give an erroneous measure of the 
volume of air normally circulated by the fan. This is 
accounted for by the shorter path of the air current: 
It is of interest to note that most of the air set in 
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motion by a ceiling fan glides along the floor and up 
the sides of the room. There is very little movement 
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of air in the remainder of the space between the fan 
and the walls. The rapidity with which the horizontal 
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velocity decreases with increase of height above the 
floor is shown in Fig. 8, the points at which the 
observations were made being indicated in Fig. 9. 


EFFECT or HEIGHT OF FAN ABOVE FLOOR. 


The influence of the distance between the blades 
and the floor was examined by testing the fan when 
10 ft. 2 in. above the floor and then taking another 
set of readings with tables, each 34 in. high, placed 
under the fan to form an artificial floor occupying 
16 ft. x 12 ft. The results of the first test have been 
given in Fig. 1, whilst Fig. 10 shows the velocities 
obtained with the artificial floor. The power taken 
by the fan was the same in the two tests, but the dis- 
tribution of air velocity was considerably modified. 
The volumes of air displacement at various distances 
below the fan have been determined from these curves 
and are plotted in Fig. 5. A comparison of the two 
curves for fan '" A" in the latter figure shows that 
the reduction in the height of the fan from 10 ft. 2 in. 
to 7 ft. 4 in. has made no difference to the air 
volume measured at 1 ft. and 2 ft. under the fan, and 
has effected a reduction of only 2 per cent at a distance 
of 3 ft. Below that distance, however, the reduction 
has been much greater. It therefore follows that the 
air volume measured 3 ft. below the blades is practi- 
cally independent of the height of the blades above the 
floor, so long as this distance is not less than 8 ft. 


EFFECT or DISTANCE BETWEEN FAN AND CEILING. 


The fan was suspended at different distances below 
a girder 24 in. deep and 14 in. wide, the distance from 
the girder to the floor being 14 ft. The arrangement 
supporting the anemometer was so placed that the 
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latter was directly under the girder, in order that the 

maximum effect upon the draught might be obtained. 
The air velocity was again measured at different 

distances below the fan, and the volumes calculated 
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from these figures are plotted in Fig. 11. It will be 
seen that only when the blades are 1l in. below the 
girder is the air volume affected. Though this result is 
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influenced to some extent by the unusually large depth 
of the girder, it would appear that the volume of air 
displaced by a fan is independent of the height of the 
ceiling above the fan so long as tbe blades are, say, 
3 ft. below the point of support. The rods usually 
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employed for supporting ceiling fans are needlessly 
long and could with advantage be shortened. 


EFFECT OF ROOM TEMPERATURE. 


Air measurements were made at 12°, 15-9°, 21.6? 
and 16-2? C., the sequence of the tests being as stated. 
The readings at 16-2? C. were practically identical 
with those at 15-9? C. The speed of the fan was 
measured by a stroboscopic disc in conjunction with a 
neon lamp and was found to be 208, 208, 209 and 208 
rp.m. respcctively. From these tests the following 
figures were calculated :— 
Volume at 


Distance | Volume at Volume at 


below 12°C. 15.9? C. 21:6? C. BJA C/A 
fan (== A) (= B) (= C) 
ft. cub. ft./min.| cub. ft./min.| cub. ft./min. 
1 6 750 7 010 7 370 1-039 1-091 
2 7 310 7 650 8 130 1-048 | 1-112 
3 7 880 8 360 9 050 1-06 1-149 


It is shown in Fig. 12 that the air velocity is 
practically proportional to the speed, so that almost the 
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whole of the increase in air volume noted in the above 
table must be due to the increase in air temperature. 
The above ratios, however, are appreciably larger than 
the inverse ratio of the densities, thus :— 


Density of air at 12°C. — 288.9 1-014 
Density of air at 15-9? C. — 285 
and 
Density of air at 12? C. 204.6 
ee ———— — 1:035 
Density of air at 21-6? C. 285 


The above table also shows very definitely that the 
further the point of observation below the fan, the 
greater is the increase in air volume. This appears 
to indicate that the effect of temperature variation 
upon the “induced” draught is greater than that 
upon the ''direct" draught. The above tests also 
demonstrate the importance of specifying the air 
temperature at which the measurements are made. 


EFFECT OF SPEED. 


The air velocities were measured at different dis- 
tances below the blades with the fan running (a) with 
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its normal terminal voltage of 230, and (b) with a 
terminal voltage of 175. The input watts were 121 
and 72 respectively. The corresponding air volumes 
per minute per watt are plotted in Fig. 11. It will be 
observed that at the reduced speed the air volume at 
various distances below the fan increases more uni- 
formly but less rapidly than at normal speed. 

Owing to the air volume per minute per watt being 
so nearly equal at the two speeds, it was thought of 
interest to investigate the effect of fan speed upon the 
air velocity and upon the input power. Readings of 
air velocity were noted at a radius of 132 in. on a plane 
3 ft. below the blades, this point being chosen as being 
about the most representative position. The frequency 
was maintained constant at 50. The results thus 
obtained are plotted in Fig. 12, from which it will be 
observed that the air velocity is proportional to the 
speed and that the air velocity per watt attains a 
maximum for this particular fan at about 210 volts. 
This explains why there is not a greater difference 
between the efficiencies of the fan at 230 and 175 volts. 

It is also of interest to notice the effect of frequency 
variation (Fig. 13) upon the performance of this type 
of fan, the applied voltage being kept constant at 


230 volts. It will be seen that if the fan is designed 
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to give its best performance at about the rated fre- 
quency, a departure of 2 to 3 per cent on either side of 
that frequency makes very little difference to the 
efficiency of the fan. 


EFFECT OF TILTING THE BLADES. 


The velocity curves given in the preceding diagrams 
show that the draught falls off very rapidly under the 
tips of the blades. It was thought that if the blades 
were tilted upwards, the spread of the draught would 
be improved. Washers were inserted between the 
blades and the outer ends of the plates to which the 
blades were attached so as to tilt the latter upwards 
through an angle of 10° from the horizontal. Aiur 
velocities were measured as before, and the air volumes 
derived therefrom are plotted in Fig. 5. The input 
power to the fan was 126 watts against 121 watts with 
the blades in their original position. In spite of this, 
however, the efficiency of the fan has increased by about 
7 per cent. On the other hand, the distribution of the 
draught is practically unaffected. 
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CONCLUSIONS. 


(1) The air velocity decreases rapidly on the out- 
skirts of the draught cone, especially immediately below 
the blade tips. 

(2) The further the plane of observation below the 
fan, (a) the flatter is the velocity curve, (b) the nearer 
to the axis of the fan is the point of maximum velocity, 
(c) the more difficult it is to determine reliably the air 
velocity on the outskirts of the draught cone, and 
(d) the greater is the volume of air in circulation. 

(3) A plane 3 ft. below the blades is the most repre- 
sentative position for taking air measurements. 

(4) Calculations from velocities measured at 4-in. 
radial intervals have been found satisfactory—especially 
at a distance of 3 ft. below the fan. This distance is 
recommended as the largest interval consistent with 
reasonable accuracy. 

(5) Owing to the rapidity with which the velocity 
falls off under the blade tips, it is important to have a 
rigid support for the anemometer so that its position 
may be set accurately. 

(6) The volume of air circulated by a given fan is 
greater in a small room than in a large one; and it is 
suggested that a clear floor area extending 10 ft. in 
every direction from the axis of the fan should be 
provided. 

(7) The draught is symmetrical in all directions so 
long as the space in the neighbourhood around the fan 
is free from unsymmetrical obstacles. 


HUGHES AND WHITE: TESTING OF CEILING FANS. 


(8) The air volume measured 3 ft. below a fan is 
independent of the height of the blades above the floor 
so long as that distance is not less than 8 ft. 

(9) When the fan is close to the ceiling, there is a 
reduction in the air volume; but there is no gain in 
increasing the distance between the blades and the 
point of support beyond 3 ft. 

(10) For a given fan speed, the volume of air is 
greater the higher the temperature of the room; con- 
sequently the room temperature at which air measure- 
ments have been made should always be specified. 

(11) The quantity of air delivered by a ceiling fan 
is approximately proportional to the speed; but the 
spread of the draught is greater the higher the 
speed. 

(12) If the fan be designed for its best operation at 
about its rated voltage and frequency, an appreciable 
departure from these values has very little effect upon 
the efficiency. 

(13) With certain types of blades, an improvement 
in the efficiency can be obtained by tilting the blades 
upwards. This alteration, however, has the drawback 
of detracting from the asthetic appearance of the fan. 


The authors desire to express their thanks to the 
Kingston Engineering Co., Brighton, for the loan cf 
one of the ceiling fans on which the tests were made, 
and to the Principal and Governors of the Municipai 
Technical College, Brighton, for facilities to carry out 
the experimental work described in this paper. 
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BOUCHEROT’S CONSTANT-CURRENT NETWORKS AND THEIR RELATION 
TO ELECTRIC WAVE FILTERS.* 


By A. C. BARTLETT, B A., Associate Member. 


(Communication from the Staff of the Research Laboratories of the General Electric Co., Ltd., Wembley.] 


(Paper first received 27th April, and in final form 12th October, 1926.) 


SUMMARY. 


The circuit arrangements devised by Boucherot to give a 
constant-current supply from a constant-voltage supply are 
briefly described, and it is then shown that they may be 
regarded as simple examples of a more general property of 
all electric filters. 


A number of circuit arrangements that enable a 
constant-current supply to be obtained from a constant- 


voltage alternating supply have been described by ` 


Boucherot. f 
One of the simpler is that shown in Fig. 1. 
Across the terminals of the constant-voltage supply 


Constant 
voltage V 


C 


Fic. 1. 


are connected an inductance L and a condenser C tuned 
to resonance with the supply so that, if the frequency 


is f, 


where w = 27f. 

The constant-current supply is taken from across the 
terminals of the condenser C, and the current through 
any impedance Z, so connected is independent of the 


w*LC = 1 


Constan 
voltage 


-A Z; 


Fic. 2. 


value of Z, and is equal in magnitude to V/(wL). The 
proof is very simple; let jwL, the impedance of L, 
be put equal to 4, then the impedance of C is 


* The Papers Committee invite written communications (with a view to 
publication in the Journal if approved bv the Committee) on papers published 
in the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which thev relate. 

t Revue Générale de l'Électricité, 1919, vol. 5, p. 203. 


ll(jo9€) = —jwL = — A, so that the network of 
Fig. 1 can be re-drawn as in Fig. 2. 
The impedance of the network is 


1 — 43 
— A Zer 


so that the input current is 
yas —A 
— 423 
and of this current the fraction passing through Z, is 


—A 
2 A 


and therefore the current through Z, is 


which is independent of Z,. 


Constant 
voltage V 


Fic. 3. 


Suppose, for example, that a constant current of 
5 amperes is required froma 1000-volt main at 50 cycles ; 
then 


1000 — E 
2m x 50L 
or L = 2/7 = 0:634 H approx. 
and since WLC = 1 
C = ue = 15-9 pE 


The second network is exactly the same as that shown 
in Fig. 1, except that the load is connected across the 
inductance instead of across the condenser; it can be 
treated in exactly the same way. The third network 
is as shown in Fig. 3 and consists of a bridge network 
of two condensers C and two inductances L; as before, 
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it is necessary that LOw? = 1 and then the current 
through Z, is independent of the value of Z, and is 
equal in value to V — 4/ (L/C). It is the purpose of 
this note to point out that the property of these net- 
works of transforming a constant-voltage supply to a 
constant-current supply is a general property of all 
electrical filters at one or more frequencies in their 
non-attenuating frequency bands. The transmission 


Fig. 4. 


formule for any filter composed of m sections and 
terminated by an impedance Z, for a frequency in a 
non-attenuating band are :— 


Du. Z, cos nB + jZo sin ng 
x °Z cos np + jZ, sin n 
Zz = jZo sin nB + Z, cos ng 


where Z, and Zə are the sending-end and receiving-end 
impedances respectively ; Zg is always non-reactive in 
a non-attenuating band. 

If a filter is to have the property of giving a constant 
current through Z, irrespective of the value of Z,, 
then Z5 must be independent of Z,. Obviously this is 
so if cos ng = 0, i.e. if nf is of the form 2mm + $r, 
where m is any integer. 

When this condition holds, 


Z 


Z = t jZo 
ZA = Zo/Z, 
so that if a voltage V is applied to the input terminals 


the input current is VZ,1Z and the output current is 
VI + Zp, and further, if Z, is a resistance the input 


current is in phase with the applied voltage while the 
output current is 90° out of phase. 

Consider, for example, the simple low-pass T section 
filter shown in Fig. 4. The filter has a characteristic 
impedance Zo which is equal to 


NI (2) V2 — wLC) 


and a propagation constant @ per section of the form 
a + JB determined by the equation 


cosh (a + 8) = 1 — o?LC 


Throughout the range of frequencies 0 to wo, where 
we —2[(LC), Zo is real and @ is purely imaginary, 
that is, a = 0, and f is determined by 


cos B = 1 — w°LC 


while for frequencies greater than wo, B = 180° and a 
is determined by X 


cosh a = w*LC — 1 


Thus, for this filter section, 0 to wo is a non-attenuating 
band of frequencies while all frequencies above wo are 
attenuated. 

The phase-constant f for this filter is shown in 
Fig. 5 plotted for values of wfwgo from 0 to 1, i.e. for 
the non-attenuating band. Considering first a filter 
consisting of only one such section, then on referring 
to Fig. 5 it is scen that f takes the form 2mz + kr 
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when equal to 90? and that this occurs at a frequency 
given by w/wo = 0:7, or more accurately when 


l— w*LC = 0 
2 1 we 

uÅ = — = — 
LC 2 


Also at this frequency it is seen that Zg = wL. So 
that what has been obtained is Boucherot's first net- 
work of Fig. 1 but with the addition of an inductance 
L in series with the load; this additional inductance 
has the advantage that if Z, is a resistance the input 
power factor is unity. If there are two sections as in 


lig. 6 the required condition is 


2B = 2mm + ir 


This condition is fulfilled when p = 45° and 135° at 
frequencies given by 


1—wLC = + MA/2 


1 — 2%? 
DEW» wi 


l 4/2 
2- dG ) = 0-924 or 0-383 
wo 2 4 


There are thus two frequencies for which this network 
belongs to the Boucherot class. 

Similarly, for a filter made up of n such sections there 
will be n different frequencies at which the network has 
the Boucherot property. 

With more elaborate filters having a number of non- 
attenuating frequency bands the same will be true for 
each band. Returning to the networks given by 
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Boucherot, the first network can also be obtained from 
the z section filter of Fig. 7, and it will be seen that 
the unity input power-factor condition with non- 
reactive load can be obtained by shunting the input of 
the network of Fig. 1 by a condenser, as well as by 
inserting an inductance in series with the load. 

The second type of network can be obtained by 
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considering the simple T and ~ section high-pass 
filters of Fig. 8. 

The third Boucherot network of Fig. 3 is a rather 
more special kind of a bridge filter. 

Any network such as that shown in Fig. 9, where 
A and B are pure reactances, will in general have 
certain non-attenuating ranges of frequency. 

But in the special case where A and B are reciprocal 
with respect to some resistance R, i.e. where 4B = R? 
(and if A is an inductance and B a capacity this 
necessarily is so), the network is non-attenuating at all 


-HH 
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frequencies, its characteristic impedance is R at all 
frequencies and its phase angle fg is determined by 
j tan B = 2R/(A + B); it is thus a purely phase- 
shifting non-attenuating network at all frequencies. 

So that if A is an inductance L, and B a capacity C, 
then Zo = 4/(L/[C), and if the Boucherot condition is 
to hold for a single section 8 must be 90°, i.e. tan B 


is indefinite, so that A = — B and therefore 
joL = — M(3oC€) 
w? = 1/(LC) 


thus agreeing with Boucherot; of course two sections 
would have two such frequencies, and so on. 
From the equations already given, it follows that if Z, 


Lic. 9. 


is the input current for a filter at a frequency fulfilling 
the Boucherot condition, and Və the output voltage 
across any terminal impedance Z,, then 


LZ = V, 


so that the converse property holds that if the input 
current is kept constant then the output voltage 1s 
constant and independent of Z,. 

Consequently if two filters are connected up as in 
Fig. 10 and both fulfil the Boucherot condition at a 
common frequency, then the combination will act at 
that frequency as a perfect constant-ratio voltage 


transformer and also as a perfect constant-ratio current 
transformer. 

Similarly any even number of filters having a common 
Boucherot frequency will act as a perfect transformer at 
that frequency. 

On the other hand any odd number of filters with a 
common Boucherot frequency will act at that frequency 
simply as a Boucherot network. 

If negative resistances such as can be obtained by 
means of various thermionic devices such as the 
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'" Dynatron " are considered, then Boucherot networks 
which are independent of frequency can be obtained. 
For instance, the network shown in Fig. 11 is similar 
to that shown in Fig. 1 except that the equal and 
opposite reactances of the inductance and condenser 
are replaced by equal and opposite resistances; the 
proof is exactly the same. 

In such a network, therefore, any sine voltage v of 
any frequency will produce a current v/r in the terminal 


7 r 
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impedance z; the network will therefore have the 
remarkable property that if a voltage of any form 
whatsoever (not necessarily periodic) is applied to the 
input terminals the current in z will be of exactly the 
same form independent of any variation of the impedance 
of z with frequency. 

In a similar way, corresponding to any Boucherot 
network constructed of reactances, a corresponding 
aperiodic network of positive and negative resistances 
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can be devised, and by combinations of even numbers 
of such networks perfect transformers can be obtained. 

Of course, in practice, there are limitations in that all 
negative resistances are limited in the range of current 
and voltage over which their negative resistance pro- 
perties hold. 

Just as the network of Fig. 1 can be derived from 
Fig. 4, the network of Fig. 1l can be derived from 
that shown in Fig. 12. The network consists of an 
artificial line section having a characteristic impedance 
Zo = jr, a zero attenuation constant and a phase 
constant of 90?, all independent of frequency. 

This network has, apart from its Boucherot property, 
another interesting property, for consider the input 
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impedance when terminated by an impedance Z,; its 
value will be 


Z, = ZiZ, = — rZ, 
If now Z, is a capacity C, then 
Z, = —JjoCr* 
which is the impedance of a negative inductance of 
value Cr2, Similarly, if Z, is an inductance L, then 
Z, = — r'l(JoL) = —1 + joLJ[r 

which is the impedance of a negative capacity of value 
L[r?. Thus, by means of this network, negative 


inductances, capacities and other negative impedances 
can be physically realized. 


ON 


“ ELECTRO-FARMING." * 


East MIDLAND SUB-CENTRE, AT LOUGHBOROUGH, 26 OCTOBER, 1926. 


Dr. T. Milburn: The author has pointed out the 
enormous possibilities for the use of electricity in 
connection with the farm, but at the same time I feel 
that there are obstacles in the way of its general 
adoption. The fact that England consists of many 
counties, each with its small farms, is one of the chief 
of these. The bugbear of English farming is the 
frequent and constant lack of capital to equip the farms, 
and progress in electro-farming will be slow, largely 
on that account. The stocking of the farm itself is a 
very difficult proposition; and where is the capital 
to come from to equip the farm with electrical 
machinery ? I was very interested in the cinemato- 
graph film showing the rotary tiller. I noticed that 
the tiller was continually sending out dust behind, 
indicating that it was operating in an easy, light soil ; 
how would it perform in heavy clay land? In my 
estimation the most important aspect of the use of 
electricity on the farm is in the lighting of cowsheds. 
From a paper read by the author at Harper Adams 
College and from correspondence with a poultry 
instructor in Lancashire, I gather that as far as the 
use of electricity in egg production is concerned, electric 
light does not increase the number of the eggs produced 
per bird per year, but it only means a higher output 
during a certain period of the year. If the author 
has any figures in connection with electric ploughing 
I should be glad if he would publish them. % w>- , 

Mr. T. Hacking: I rather agree with Dr. Milburn, 
who seems to fear the capital expenditure. Last summer 
when I visited Denmark I was very impressed with the 
widespread use of electricity. The Danes have no 
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difficulty in overcoming the money problem. There 
are there 246 electrical associations amongst the farmers, 
and the country is only about half the size of Ireland. 
I do not pretend to be a technical man, but I believe 
it is a fact that electric lines traverse many thousands 
of acres in this country at the present moment, and 
that few farmers have been able to prevail upon the 
electricity undertakings to supply them with current 
I am told that this is so in particular in the Spondon- 
Coalville area. In Denmark they have main distribu- 
tion companies, and they bring the supply to the confines 
of the village. They form an association, and employ 
only one technical man, whom they call a linesman. 
There is no question as to the great advantages of 
electricity on the farm, but the farmers want it at a 
reasonable cost. This means that co-operation is needed 
between the farmers and the electrical engineers. In 
Denmark current is laid on to every farm and village, 
while here, in England, I am sure that in hen-houses, 
cowsheds and on the farm generally there is a large 
field for electricitv, and I think the farmer should be 
shown that he can get electricity at a reasonable cost. 
With regard to the lighting of hen-houses, I am afraid 
I cannot agree with anything in the nature of forcing 
of poultry. 

Mr. G. R. Hunter : I think that the use of electricity 
on the farm will be general in the future, but, like 
Dr. Milburn, I think there are several drawbacks, some 
of which are financial. For instance, an electric ploughing 
set costs somewhere about £1 600, and no farm?r can 
afford to lay out the capital for a power installation 
to carry the load necessary for ploughing, which would 
be required on!y for short periods during the year. 
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Mention has been made of the difficulty in getting power 
from the local supply undertakings. |I should like to 
know if 400 volts is a safe voltage for the farm. I 
consider that artificial hay-making is not yet a com- 
mercial proposition, and that it is still in a very 
elementary stage. 

Mr. T. R. Smith : Regarding the co-operation between 
the electrical engineers and the farmers, as far as I am 
concerned we have not vet been approached by any 
farmer. This does not altogether surprise me, as there 
are no farms in our area. As far as the main trans- 
mission lines running over various farms are concerned, 
it is a technical impossibility to give a supply to the 
individual farms from the line named between Spondon 
and Coalville. The co-operation of the farmers them- 
selves and the societies which they may form in order 
to get a group, would mean that the companies could 
meet the farmers, to the advantage of both. The 
point I wish to stress is that, so far as the engineering 
side is concerned, the engineer is anxious to get a load 
that can be economically dealt with. So far as Leicester 
is concerned, roughly the facts are these. We have a 
comparatively small area to supply, and we have been 
met with the fact that a certaih company has parlia- 
mentary powers, which increases our difficulties for 
outside supplies. I have very grave doubts as to a 
cheap and abundant supply of electricity being forth- 
coming, at any rate in the very near future, unless 
such co-operation becomes effective. In Switzerland 
the average cost of electricity per unit for lighting 
purposes is round about 7d., and for power about 2d. 
per unit. 

Miss E. E. Elmitt: The problem has been discussed 
fairly fully from both the engineering and agricultural 
points of view, but it seems to me that it is really 
above all a social problem. After all, agricultural 
practice will not be vitally altered by the introduction 
of electro-farming ; the only change will be in the 
motive power employed. Similarly, we shall not find 
any great engineering problems. This country has been 
Stated by a leading Continental electro-farming authority 
to be 20 years behind the times, and in this instance 
that it is rather an advantage, for it means that there 
is no engineering problem connected with rural electri- 
fication that has not already been solved. It is there- 
fore on the social side that rural electrification is going 
to make the greatest change. It will provide a wider 
Scope for the activities of the farm labourer, for nowa- 
days no youth with ambition stays in the country; 
hence something is needed to check the deplorable 
migration from country to town. With regard to 
the problem of unemployment, although incomplete 
electrification might aggravate this, with the increased 
number of uses of electricity the tendency will be 
towards increased production and the employment of 
an increased number of men, with a resultant increase 
in prosperity. 
` Mr. R. C. Woods: In considering the large number 
of agricultural machines which may be in intermittent 
use and the probability that were cheap power drive 
available without undue capital tied up in such machines 
the scope would be considerably extended, the suggestion 
occurs that the agricultural machine builder and the 
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electrical engineer might usefully co-operate. Each 
such machine might be provided with integral gearing 
to accommodate a motor of standardized speed and 
fixing dimensions, which could be dropped into a 
slotted machine bedplate and fixed with a single pin, 
thus avoiding loseable parts. No readjustment would be 
necessary and the drive would be direct. The author 
refers to passing current from coulter to mouldboard 
to reduce friction. If the information is available, the 
precise action would be of interest. Unless the applied 
voltage is very minute, it is difficult to see how variation 
from the ordinary laws of electrolysis can occur. With 
Mr. Brookes's permission, the resistance of damp soil 
packed between two electrodes has been measured, 
and also of the same soil saturated with water. A 
12-in. column of 1 sq. in. section measured approxi- 
mately 100000 ohms damp and 20000 ohms wet, at 
500 volts. One would naturally expect variations in 
soils of various types, but it would seem to indicate 
that a high voltage is required, as the area of the 
coulter in electrical contact can only be a few square 
inches. If a.c. distribution is used, conversion to 
direct current becomes necessary and the gain would 
have to cover increased capital charges. Can the 
author say if the method involves any corrosion of the 
ploughshare ? One of the speakers in the discussion 
has referred to electrically dried hay. I have followed 
the author's articles on hay production since he first 
started publishing his experiments and I believe he 
has come to the conclusion that the hay is of better 
value when electrically produced than when made in 
the fields by the sun. Perhaps he will confirm this. 

Mr. R. Borlase Matthews (in reply): In his 
opening remarks the Chairman referred to a special 
electric clock of which he had heard for poultry farms. 
It is a fact that clocks can be obtained which do nearly 
everything but speak. I have one on my own poultry 
farm. With such a clock, the artificial light can be 
automatically switched off and on at the allotted times, 
in addition to which the lamps are also automatically 
“ dimmed ” for a quarter of an hour to simulate dusk 
and dawn. Such a clock is automatically self-wound 
by electrical means. This type of clock is also fitted 
with an astronomical device which follows the earlier 
rising and setting of the sun. A clock-switch is essential 
for poultry-house lighting, as regularity is very im- 
portant. Such a complicated device as that just men- 
tioned, though nice to have, is not essential. 

Dr. Milburn has raised the question of finance. In 
this connection it is not generally known that there is 
a well-authenticated association, working under the 
auspices of the Ministry of Agriculture, which is pre- 
pared to advance capital upon favourable terms for 
the purchase of electrical equipment or the installa. 
tion of an electrical plant on farms. I concur with 
Dr. Milburn in the statement that the lighting of 
poultry houses does not result in an increased pro- 
duction of eggs, taking the whole year round, but the 
point is that there is an increase in winter production, 
at which time it is most profitable for a poultry keeper 
to have eggs for sale. 

I should like to put at rest a suspicion, which is 
evidently in the minds of some members, that lighting 
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is cruel to hens. As a matter of fact it is nothing of 
the kind. Hens are of sub-tropical origin. Conse- 
quently, so long as they have 10 hours’ rest every 
night, it is kindness to them to provide them with 
light which enables them to go on feeding. In fact, 
this is a return to natural conditions. 

As far as ploughing is concerned,‘I have some figures 
in which the relative costs of ploughing by steam, 
tractor, horse and electric ploughs are given, and from 
these I find that whereas steam ploughing works out 
at from 15s. to 25s. per acre, tractor ploughing from 
17s. 6d. to 30s. per acre, and horse ploughing from 
20s. to 35s. per acre, ploughing to the same depth 
by an electric plough works out at about 16s. 6d. per 
acre. Low cost, however, is not the only advantage of 
electric ploughing, e.g. the work is done more quickly. 

With reference to Mr. Woods’s suggestion as to the 
standardization of machines to take standard motors, 
I agree that agricultural and electrical engineers should 
co-operate. The trouble is met in Germany to a certain 
extent by arranging that all agricultural machines 
run at 110r.p.m. In reply to Mr. Woods’s query con- 
cerning the passing of current from the coulter to the 
mouldboard and share, to reduce plough friction, I 
would say that disc coulters are preferable to the knife 
type, as they provide a greater area. As the plough is 
kept moving, the stability of conditions, or perhaps it 
may be better expressed as the required period of time, 
is apparently not sufficient to establish the best elec- 
trolytic conditions. Anyhow, there seems to be no 
corrosive action on the plough. Direct-current voltages 
up to 400 were tried at Greater Felcourt farm, but no 
improvement was found over 110 volts. In fact, 
Messrs. Crowther and Haines, to whom is due the credit 
for initiating the tackling of this problem, have used 
low-voltage storage batteries with success. The value 
of this method is proportionate to the percentage of 
the moisture in the ground—the wetter the better. 
The variations of the resistance of the soil in the same 
field at points only a few yards apart is extraordinary. 
This alone makes experimental work of this nature very 
difficult. The method depends upon the phenomenon of 
electro-endosmose. The soil colloids are electro-negative, 
so that when a negatively charged plate is inserted 
in the soil the water passes out from the colloid and 
becomes deposited on the plate. As a thin film of 
water is an excellent lubricant, the ploughshare, if kept 
negatively charged, becomes coated with a film of 
water and so is continuously lubricated. The amount 
of current used in reducing the friction of the passage 
of a ploughshare through the ground varies from a 
fraction of an ampere to 19 amperes at 110 volts, 
according to the varying electrical resistance of the land 
being ploughed. 


With reference to the cost of equipment, there are 
electric ploughs which cost as much as the figure (£1 600) 
named by Mr. Hunter which can perform a very great 
deal of work and which could be owned co-operatively. 
On the other hand a smaller electric plough, suit- 
able for the individual farmer, can be purchased for 
£300. : 

There are very few motors required on a farm of 
a horse-power exceeding 6. The usual voltage for 
power is 400 volts three-phase, 50 cycles, and 230 volts 
for lighting. These pressures have been found to 
be quite safe under the general conditions of farm 
usage. 

With regard to the process of making hay without 
sunshine, this work has been going on regularly for a 
number of years on my own farm, hence it can be 
claimed that it is more than merely experimental. 
Recently a rick of 60 tons was cured in this way. It 
may be of interest to add that as it was necessary 
for me to sell a part of this hay it was recently valued 
by the purchaser’s certificated valuer and my own 
valuer; the price agreed upon was 10s. per ton above 
the average market price. The electrical power 
required per ton for the treatment of this hay costs 
about Is., which is more than saved when it is con- 
sidered that the necessity of tossing and turning in the 
field is obviated, as the grass which is cut in the morning 
can be stacked and treated the same day. | 

It is an interesting point to realize that if electricity 
were used to any extent for farming purposes the 
current consumed in this country for farming alone 
would be more than for all other industrial purposes 
put together. 

The question has been raised as to the possibility 
of an electric supply undertaking being able to serve 
farmers. It is certainly not possible for any undertaking 
to serve isolated farmers, but what rural customers 
requiring electricity must do is to form themselves 
into local groups. They will then find that they can 
be supplied profitably. When we come to the question 
of what it is reasonable for the farmer to pay for his 
electricity, we must judge rather by what electricity 
is doing for him above any other means. For instance, 
judging by the amount of work a unit of electricity does 
in driving cream separators, it would be reasonable 
to pay 30s. a unit for electric power for this purpose, 
or alternatively 12s. a unit could be paid for the pumping 
of water. On the Continent, the average price actually 
paid by farmers for power is 4d., and for lighting 8d. 
The tariffs are usually based upon a contract sum and 
a low price per unit. This method always gives the 
impression that current is very cheap, since reference 
is rarely made to the lump sum but rather to the low- 
priced unit. 
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ELECTRIC WINDING ENGINES FOR COLLIERIES.* 


By H. Pryce-JoneEs, Student. 


[ABSTRACT of a Paper read before the MERSEY AND NoRTH WALES (LIVERPOOL) STUDENTS’ SECTION, 14th January, 1926.] 


The elementary winding gear consisted solely of a 
drum, rope and bucket. Later, two buckets were used 
to obtain a certain amount of balance. Although the 
second arrangement resulted in a mutual cancellation 
of the static torque due to bucket weights, the weight 
of the rope suspended in the shaft at the start of the 
wind exerted an adverse torque. This was overcome by 
fastening a rope termed a “‘ tail-rope’’ to the bottom 
of the cages and passing it round a sheave in the bottom 
of the shaft. 

Practical operating difficulties limit the application 
of the tail-rope, and an alternative method of balancing 
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Fic. 1.—Typical horse-power/time diagram for balanced 
winder with bi-cylindro-conical drum. 


Depth, 1 600 ft. 

Net load, 7 840 Ib. 

Weight of cage, chains, trams, 9 180 Ib. 

Type of rope, 5 in. C.C.E.—26 lb. per fathom. 

Type of drum, 10-232 ft. diameter, bi-cylindro-conical. 
otor, 1 200 h.p., 410 r.p.m. 


Estimated efficiency, 45 per cent with tolerance, 48-5 per cent without. 
Estimated consumption per trip, 10:5 kWh. 
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is obtained by the adoption of a drum of conical shape, 
known as a '' bi-cylindro-conical’’ drum. By suitably 
designing the slope of the drum profile and paying due 
regard to the limitations imposed by the linear accelera- 
tions of the cages, the static out-of-balance torque may 
be reduced to a minimum at all points in the shaft 
(see Fig. 1). 

The ‘‘ bobbin ” winder represents another attempt to 
solve the problem. In this type a flat rope is used, each 
turn being allowed to wind over the preceding one, thus 
varying the effective drum diameter throughout the 
wind. 

ROPES. 

There are three general types :— 


(a) The '' Lang's lay." 
(b) The “ flattened strand." 
(c) The “locked coil.” 


(a) This is usually made of six groups of round wire 
built up on a hemp core [see Fig. 2 (a)]. 
* A Students' Premium was awarded by the Council for this paper, and it is 


the practice of the Council in such cases to publish the paper, in full or in 
abstract, in the Journal. 


(b) This is similar to (a), with the difference that 
each group of round wires is formed round a triangular 
steel core [see Fig. 2 (b)]. 

(c) In this type specially shaped wire sections lock 
the strands in position, thus preventing fraying in the 
event of a broken strand [see Fig. 2 (c)]. 

In these ropes the steel used is that quality termed 
'* best plough ” and has a breaking stress of 100-110 tons 
per square inch. 


GENERAL DESIGN FEATURES. 


For average shafts a factor of safety of from 8 to 10 
times the normal dead load is considered good practice. 

The correct determination of the ratio of drum 
diameter to rope diameter is important, as it influences 
the stresses due to bending to which the rope is sub- 


Fic. 2.—Types of rope. 
(a) Lang's lay rope. 
b) Flattened strand rope, type '' A." 
(c) Locked coil fore with two layers of semi-locked strands and one layer of 
locked strands. 


jected asit windsround thedrum. Experience indicates 
that this ratio should not be less than 75 to 80 if the 
rope is to operate satisfactorily for an economical 
period. 

The angle which the rope makes with the drum at 
the start and finish of the wind, termed the '' angling,” 
must also be carefully chosen. A slope of 1 in 60 at 
the end of the wind and 1 in 40 at the beginning is a 
safe figure. 


ELECTRICAL EQUIPMENT. 


Electric winders may be divided into three general 
classes :— 


(a) A.C. induction motor drive. 

(b) D.C. motor drive. 

(c) Ward-Leonard control, with which may be incor- 
porated the Ilgner flywheel system. 


Type (a) has a stator switch with a double set of 
contacts for reversing. This switch may be either 
mechanically, electrically or pneumatically operated. 

The starting controller is interlocked with the stator 

* 
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switch, the whole being operated by the driver's 
lever. 

Type (b) is similar to (a), but with d.c. drive. 

For a.c. winders the starting controllers are generally 
of the “ weir ” or “ dipper ” liquid type. 

Electrolysis renders necessary the use of contactor 
or drum controllers for d.c. work. 

In type (c) the d.c. winder motor derives its power 


_| Ordinate @ equivalent to 
/ 100 000 lb-ft. torque | | 


SAFETY DEVICES. 

These include over-wind, overspeed, overload and no- 
volt switches, the details of which cannot be set forth 
in this abstract. 

BRAKES. 

These are generally arranged to operate on a path at 
either end of the drum and are applied by a heavy 
weight suspended from a lever. In the “ off " position 
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during reverye-current braking in the 
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Area c,d, represents energy returned into the 
cycle by the regenerative vraking of the 
Wea, (d Leona rg DAE 


Fic. 3.—Diagram showing the disposition of the various losses for three-phase 
and Ward-Leonard winding systems. 


from a motor-generator set. The control is effected on 
the generator field. Where large peaks are encountered 
a flywheel may be incorporated in the motor-generator 
equipment. 

Fig. 3 shows the very considerable increase in efh- 
ciency obtained for a given set of conditions by the 
adoption of the Ward-Leonard system. The shaded 
portions at the beginning and end of the wind, which 
normally are wasted as rheostatic and braking losses, do 
not exist where a Ward-Leonard equipment is used. 


the weight is held up by a compressed-air piston and 
the brakes are applied by the falling of the weight, 
following the opening by the driver of the valve in the 
compressed-air cylinder. Dash-pots are fitted to prevent 


too sudden an application of the brakes. 

In conclusion the author wishes to express his thanks 
to Messrs. Metropolitan-Vickers Electrical Co., Ltd., 
for the loan of lantern slides and access to information, 
and also to Mr. J. F. Perry of that company for his 
criticisms of this paper. 
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748TH ORDINARY MEETING, 18 NOVEMBER, 1926. 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. ! 

The minutes of the Ordinary Meeting held on the 
4th November, 1926, were taken as read and were 
confirmed and signed. 

A list of candidates for election and transfer approved 
by the Council for ballot was taken as read and was 
ordered to be suspended in the Hall. 


A lecture was delivered by Dr. A. Ekstrom entitled 
“The Applications of Electricity to Agriculture," and 
was illustrated by a cinematograph film. 


On the motion of the President a vote of thanks to 
the lecturer was carried with acclamation. 


The meeting terminated at 7.50 p.m. 


57TH MEETING OF THE WIRELESS SECTION, 1 DECEMBER, 1926. 


Prof. C. L. Fortescue, O.B.E., M.A., Chairman 
of the Section, took the chair at 6 p.m. 

A paper by Dr. R. V. Hansford, Member, and 
Mr. H. Faulkner, B.Sc., Associate Member, entitled 
" Some Notes on Design Details of a High-power 


Radio-telegraphic Transmitter using Thermionic Valves ”’ 
(see page 297), was read and discussed. 

On the motion of the Chairman a vote of thanks to 
the authors was carried with acclamation, and the 
meeting terminated at 7.50 p.m. 


749TH ORDINARY MEETING, 2 DECEMBER, 1926. 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
18th November, 1926, were taken as read and were 
confirmed and signed. 

A list of donations to the Benevolent Fund (see 
page 96) was taken as read, and the thanks of the 
meeting were accorded to the donors. 

The President: There are to-day on the walls of 
the Lecture Theatre oil paintings of Kelvin and of 
Faraday. The portrait of Kelvin is a reproduction 
by Mr. George Harcourt, R.A., of a portrait painted 
by Herkomer for the Institution of Civil Engineers, 
which is a duplicate of a portrait by the same artist 
in the possession of the University of Glasgow. The 
Institution is grateful to these two bodies for having 
granted the necessary facilities. The portrait of Faraday 
is also by Mr. Harcourt, and was made by him after 
careful consideration of the various likenesses of Faraday 
which are available. The portrait of Faraday will be 
presented to the Institution by Mr. Evershed, and I 
now call upon him formally to do so. 

Mr. S. Evershed : The President has referred to 
the genesis of these two portraits of Faraday and 
Kelvin which have been painted for us by Mr. Harcourt. 
I propose to occupy a few minutes in saying something 
about the men themselves, apart from their work. 
We all know what they did in laying the foundations of 
electrical engineering, but what I have in mind is not 
so much what they did as what these two famous men 
were. What a contrast they present! In their origin 
I should think it would be difficult to find two men of 


genius coming from such different homes. In Kelvin 
there was a manifest strain of heredity. His father 
was a clever man, a notable man in the academic world 
of a university and highly gifted as a teacher. Kelvin 
said of him that he never knew anyone teach anything 
so well as his father taught everything. It was a fine 
tribute from a son to a father; but it does not account 
for Kelvin's genius. Now turn to Faraday for a 
contrast, and with heredity in mind. Faraday’s father 
was a blacksmith. His smithy was in Walworth, over 
on the Surrey side of the Thames, and that is where 
Faraday was born. I do not know why it is, but for 
some reason or other no one ever seems to expect 
anything remarkable to come from the Surrey side. 
(Laughter. From Scotland, yes! or from Yorkshire, 
but never from Surrey. However, that is where 
Faraday came from, and when he walked over the old 
Westminster bridge on his way to the Royal Institution, 
he brought his genius along with him. These two men 
in their upbringing, in their training, were as poles 
asunder. Kelvin's genius was disciplined by a long 
course of academic study. Faraday’s genius was left 
to develop by itself in its own spontaneous way. 
Kelvin took to mathematics as a duck takes to water, 
Faraday had no mathematics. Very possibly, for a 
mind like his, the rigidity of mathematics might have 
been a hindrance. Kelvin, as we know, was a great 
inventor; he spent his life translating scientific princi- 
ples into practice. Faraday, on the other hand, does 
not seem to have had an inventive turn at all. His 
mind did not work in that way. He was a seer, a 
discoverer. But with all their differences, Faraday 
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and Kelvin were alike in certain essentials. By essen- 
tials I mean the characteristics that must be there if 
the scientific mind is to reach its highest development. 
The first of those essentials is imagination. Both 
Faraday and Kelvin had that priceless gift. Then, 
too, in both we find the same ardent spirit of inquiry, 
and with it a singular openness of mind. Neither of 
them had a trace of the '' know-all.”” If they found 
that in some respect they did not understand Nature's 
ways, well they said so in all simplicity. I am going 
to recall two instances of that engaging quality. The 
one of Kelvin comes from my own recollection of him. 
It dates from a long time ago, over 30 years ago, Mr. 
Rowell tells me—it seems like yesterday. Some of the 
older members present will remember as vividly as I 
do the Presidential Address which Sir William Thomson 
gave us on '' Ether, Electricity and Ponderable Matter.” 
The title is a little ponderous, but perhaps that came 
from Scotland. However, there was nothing ponderous 
about the address itself. Sir William held us all spell- 
bound as he described his theory of the structure of a 
magnetic medium fit for the transmission of magnetic 
forces; fit for the propagation of magnetic fields. He 
had a wonderful way of communicating some of his 
own lively enthusiasm to his audience. I shall never 
forget our extraordinary behaviour on that occasion. 
At one period during the address members by dozens 
were standing up all over the room, many of them 
standing on the benches in their excitement. Towards 
the end of the address, Sir William put the crucial 
question: whether the hypothetical medium which he 
had contrived for magnetic forces would also serve for 
the transmission of electrostatic forces. And the 
answer was an emphatic '' No, it will not do it at all."' 
So there we were; left in a strange dilemma—appar- 
ently it would be necessary to fill the whole of space 
with two distinct media, one for electrics and the other 
for magnetics—two ethers, so to speak. Well, nothing 
is impossible; but to-day mathematical physicists of 
the Teutonic school will not let us have even one ether, 
let alone two. Having landed us in this dilemma, 
Sir William Thomson looked down, half-shyly, in a way 
that was characteristic of him, and said quite simply: 
'"Ihave been thinking about this for 42 years—and 
I can't think how it can be." Then, after a little 
pause, he went on to tell us of his belief that some day 
research and discovery would disclose the means by 
which force is transmitted through space. ''Some 
day," he said, ' the scales will fall from our eyes.” 
His simple words, just the couple of sentences I have 
recalled, were a sudden revelation of the man and his 
life. There is the lifelong endeavour to penetrate 
some deep mystery like that surrounding the trans- 
mission of force through space; the frank confession 
that the problem had completely baffled him; and 
then the unquenchable hope that some day the scales 
would fall from our eyes. For an instance of Faraday’s 
simplicity of mind we have only to read his '' Experi- 
mental Researches." We shall find examples on page 
after page. But I am going to take an instance from 
another source, one which has only come to light 
within the last two or three years. It is a letter which 
Faraday wrote to Ampére in 1821. At that time 


Faraday was busy with his marvellous discoveries in 
electromagnetism, discoveries which are the very bed- 
rock on which our industry is founded. Ampère, 
keenly interested in Faraday's work, repeated some 
of his experiments. In particular he repeated the 
well-known experiment of a wire, carrying a current, 
rotating round the pole of a magnet. Then he went 
on to make a discovery of his own. He discarded the 
wire, and passed the current through the magnet; 
and, wonderful to behold, the magnet itself rotated. 
Ampére seems to have thought that in some way or 
other this rotation confirmed his theory of molecular 
currents as the cause of permanent magnetism, and he 
communicated his views to Faraday. I do not know 
whether Ampére’s letter is extant—I rather think not. 
But at all events the letter in which Faraday replied 
has, within the last two or three years, been printed 
in the Transactions of the Newcomen Society ; and 
there I came across it. He begins by saying that he 
has repeated the experiment of the rotating magnet. 
He then goes on to explain that in his view the experi- 
ment does not throw any light on Ampére's theory ; 
it is neither for it nor against it. But Faraday evidently 
felt some doubt in his mind about all these mysterious 
electromagnetic effects, for at the end of his letter he 
says: ''Perhaps you see an explanation which I do 
not. I regret that my deficiency in mathematical 
knowledge makes me dull in comprehending these 
subjects." We do not generally associate dullness with 
Faraday, least of all in matters connected with electro- 
magnetism, yet here we have him confessing to Ampére 
in the most artless fashion that he does not clearly 
understand what he calls '' these subjects." He may 
well have felt uncertain of his foothold, but to-day, as 
we read his “ Experimental Researches,” we can only 
marvel at the sureness of his tread as he went from 
one discovery to another. Those who are accustomed 
to experimental research well know how they have to 
struggle with what often seems like a deliberate per- 
versity in Nature. She seems to have an impish desire 
to switch the experimenter on to the wrong track. 
Apparently nothing of that kind happened with Faraday. 
He never seems to lose his way. It was almost as 
though Nature put aside her perversity for once and 
led the blacksmith's son by the hand. 

I am afraid I havetaken up more time than I intended, 
but my excuse must be that this evening we are, in a 
sense, dedicating these portraits of two great men of the 
past, and it seemed appropriate that we should devote 
a few minutes to their memory. I have just one or 
two words to say on the personal side and then I 
have done. When the question of portraits first came 
under consideration, it occurred to me that it would 
be a becoming thing if individual members would 
present one or more of those portraits which the Council 
may have in view for the Lecture Theatre. It seemed 
to me an excellent thing, just the very thing—for 
somebody else to do! Then, after a while, it came 
home to me that perhaps it was my part to make a 
beginning. I already knew that the Council wished 
to have a portrait of Faraday ; and I need not say 
that the idea of a portrait of him had a special appeal 
for me. Butit is one thing to have the idea of a portrait 
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of Faraday; it is quite another thing to create it. 
To create the portrait called for the sympathetic insight 
of the artist. How that motive force works I have no 
conception. All I can say is that by some magic, 
some alchemy of which Mr. Harcourt has the secret, 
the outcome is a living portrait of Michael Faraday. 
We all owe a debt of gratitude to Mr. Harcourt. 
(Applause.) Seeing this picture already hanging there, 
I must confess to a little confusion in my mind between 
meum and tuum. But at the present moment I believe 
that the portrait is mine, and what remains for me 
to do is to transfer it to the Institution. I do not 
know of any standard formula of words for that purpose, 
and I must do it in my own way. I suppose we all 
instinctively feel that there should be something of 
the giver in the gift, and perhaps it would be enough 
for me to say that I am proud of the Institution ; 
membership is a source of pride with me as it is with 
you. But there is something more than that. I have 
been a member of one kind and another for just on 
40 years. At different times it has been my privilege 
to serve on the Council—four or five distinct periods 
of office, if I remember aright. I hope I am not dis- 
closing any official secret, but at the Council table I 
became aware of a lot of human nature—the Council 


Room is full of it. I do not know whether we electrical 
engineers are better than other men—I do not feel 
any too confident about it (laughter)—but at all events 
I am certain of this. Looking back, as I am now able 
to do, I realize that around the Council table and at 
our Committee meetings it has been my good fortune 
to see the working of human nature at its best. It 
has been good to see. It has been a happy experience, 
and has given rise to a feeling warmer than pride, a 
real affection for the Institution. So with all that 
prompting me, I now ask the President and all my 
fellow-members to accept the Faraday portrait as a 
gift from an old member. (Loud applause.) 


The President then accepted the portrait on behalf 
of the Institution, and a hearty vote of thanks was 
accorded to Mr. Evershed for his generous gift. 


A paper by Mr. G. F. O'del, B.Sc., Member, 
entitled '' An Outline of the Trunking Aspect of Auto- 
matic Telephony” (see page 185), was read and 


discussed. 


On the motion of the President a vote of thanks to 
the author was carried with acclamation, and the 
meeting terminated at 7.50 p.m. 


INSTITUTION NOTES. 


Summer Meeting, 1927. 


The Summer Meeting, postponed from June last year, 
will be held at the North-Eastern Centre from the 14th 
to the 17th June next. Full particulars will shortly be 
circulated. 


Review of Progress in Radio-Telegraphy and 
Radio-Telephony. 


In the above review of progress, published in No. 361 
(January, 1927) of the Journal, the author inadvertently 
attributed the transatlantic telephony equipment at 
the Rugby station to the American Telephone and Tele- 
graph Co. (see page 132, col. 1, lines 16 and 17). The 
work was, however, carried out for the Post Office by 
the Standard Telephones and Cables, Ltd., of London, 
under the guidance of the International Standard Electric 
Corporation. 


The Production of Flicker in Electric Lamps by 
Cyclic Irregularity in the Voltage. 

The Secretary of the Institution has been asked by the 
Director and Secretary of the British Electrical and 
Allied Industries Research Association to publish the 
following Supplement to the above Report of the 
Association published in the Journal, 1920, vol. 64, 
P. 1090 :— 


“It having been reported to the Association that some 
misunderstanding has arisen in the interpretation of the 
conclusions at the end of Report Ref. Z/T22, this supple- 
ment is issued to make the position clear. 

“The purpose of the investigation was primarily to 
determine the relative amounts of voltage pulsation at 


different frequencies which would produce a given amount 
of flicker. For the purpose of accurate comparison, the 
investigator was instructed to establish a standard of 
flicker which should be definite and independent of the 
personal element. Such a standard was found in the 
limit of observable flicker in the margin of the field of 
view of a strongly illuminated object showing sharp 
contrasts of light and shade. The conclusions in the 
Report refer to this particular standard. 

“It will be understood that practical requirements 
are probably met by a considerably larger margin of 
fluctuation than would be observable under this delicate 
test. The report contains no evidence on this aspect 
of the subject.” 


The Benevolent Fund. 
The following is a list of the Donations and Annual 


Subscriptions received during the period 26 January- 
25 February, 1927 :— 


£ s. d. 
Addison, P. B. (Newcastle- SIME c 5 0 
Adkins, F. S. (Otley) T i js 10 6 
Adkins, H. (Coventry) = os si 2 6* 
Allan, R. H. (Swansea) a i mR 5 0 
Allingham, G. C. (Loughton) t js 10 0 
Anderson, W. Y. (Birmingham) T 5 0* 
Andrews, W. F. ee m se ie 10 0 
Anonymous .. 3d bs - 15 0 
Anonymous .. ce - id T 5 0 
Anonymous .. T a - is 2 6 
Anonymous .. 2d S - ps 2 6 


* Annual Subscriptions. 
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Armstrong, W. H. (Belfast) .. 
Badger, W. J. (Leicester) 
Badham, L. H. L. (Rugby) . 


Baldwin, F. G. C. (Wylam- on-Tyne) 


Ball, W. C. D. (Singapore) 
Bamford, P. E. are 
Bannister, H. (Leeds) 
Barker, F. A. (London) 
Barnard, F. G. (Cardiff) 
Barnes, E. J. (London) 


Batty, H. (Bridgetown, Barbadoes) 


Bax, H. E. I. (London) 
Bayley, B. C. (Rugby) 
Beaney, C. E. (London) en 
Beanland, H. (Garnant, Carm.) 
Bechar, S. (Kharagpur, India) 
Benger, W. A. (Otley) 
Bennett, A. E. C. (London) .. 
Bennett, C. H. (Leeds) 
Bennett, H. J. (Southsea) 
Bennett, L. (London) 
Berindei, M. (London) 


Beynon, J. H. (Middletown, U. S. A) 
Billingsley, F. T. (Sekondi, Gold Coast) 


Binns, J. W. (London) 

Birks, K. W. (Derby) 
Blackburn, G. R. Manchester 
Blackwood, J. A. (London) . 
Bogie, A. (Edinburgh) 

Boldy, T. D. (Rangoon) es 
Bolton, B. E. (Larbert, N.B.) 
Bolton, E. S. (Leeds) 

Bolton, F. (London) 

Booker, W. M. (Rochester) . 
Booth, W. L. (Manchester) .. 
Bound, A. F. (London) 
Bristow, R. E. (London) 
Brodie, J. (Greenock) 


Brough, L. G. (Newcastle-on- -Tyne) 


Broughall, G. (London) 
Brown, J. Hally (Paisley) 


Buchanan, W. McE., Jun. (Glasgow) 


Buckman, H. L. (Weybridge) 
Buist, D. M. (Hull) .. 

Bulow, V. A. M. (Bombay) .. 
Bunn, N. K. (Liverpool) ; 
Burbridge, P. G. H. (Manchester) . 
Burgum, W. T. (Rio de Janeiro) 
Bust, F. H. (Lynn, U.S.A)) .. 
Buxton, G. E. (Nelson, Lancs.) 
Cape, A. B. (Birmingham) 
Capper, F. W. (Manchester). . 
Carnegie, H. S. (Stafford) 
Carpenter, G. W. (Scarborough) 
Carr, J. L. (Manchester) 

Carr, L. S. (Birmingham) 
Cartmell, C. (Preston) 
Castello-Sosa, A. (Mexico) 
Cave, P. W. (Liverpool) 
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Correction. 
For '' Atkinson, J. W. (Sutton)," announced in No. 
362 of the Journal (page 286), read ‘‘ Atkinson, J. W. 
(Manchester)."' 
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ELECTRICAL EQUIPMENT OF TRACK ON THE UNDERGROUND 
RAILWAYS OF LONDON. 


By ARTHUR K. CooPER, Member. 


(Paper first received 5th July, and in final form 3rd December, 1926; read before THE INSTITUTION 6th January, before the 
SOUTH MIDLAND CENTRE 19th January, and before the NORTH-WESTERN CENTRE 8/4 February, 1927.) 


SUMMARY. 

The paper gives a few historical facts leading to the 
adoption by the District Railway of 600 volts direct current 
with the insulated return, and makes reference to the starting 
up of the Tube lines. It also deals with :— 


Some results in working the insulated-return system. 

Conductor rails; material used, section, conductivity, 
loss of weight, anchoring, and data with regard to the 
painting of rails. 

Types of insulators used and data with regard to 
cleaning and insulation. 

Injurious effect of electric burns on track rails. 

High-tension cables, 

Maintenance of track equipment, including methods 
adopted for clearing ice or snow from conductor rails. 

Operating arrangements for removing and restoring 
current. 


Some particulars are also given of certain special 
instruments used by the Underground Railways. The con- 
clusions reached by these Railways are set out at the end 
of the paper. 


INTRODUCTION. 


In speaking of the Underground Railways of London 
in this paper, the following railways are referred to: 
District Railway; London Electric Railway (Hamp- 
stead, Piccadilly and Bakerloo lines) ; Central London 
Railway; and City and South London Railway 
(including Morden extension). 

With the exception of the District Railway all these 
lines are primarily Tube railways with extensions 
running into the open. The single-track mileage 
maintained is 208, including 42 miles of sidings. The 
only Tube railways not included are the Waterloo and 
City Railway, forming part of the Southern Railway 
system, and the Great Northern and City Railway, 
forming part of the Metropolitan Railway system. 

The earliest of the Tubes to be open for traffic was the 
City and South London Railway in 1890. This railway 
had an earthed return, but when the railway was recon- 
structed about two years ago this was changed to the 
insulated return and the standard construction of the 
London Electric Railways was adopted. 

The Central London Railway was opened in 1900; 
this railway has an earthed return and for the first few 
years of running employed electric locomotives. Shortly 
after the opening of the Central London Railway line, 
complaints of vibration and noise were made by residents 
along the route. A Board of Trade Committee was 
appointed to inquire into the matter and, as a result, 
multiple-unit trains were introduced whereby the 


vibration was materially reduced. No change was 
made on the City and South London Railway, the 
heaviest locomotive weighing only 14 tons, whereas the 
Central London Railway locomotives weighed 44 tons, 
of which 32 tons were not spring-borne. Appendix 1 
gives some particulars with regard to the investigation 
by the Board of Trade Committee. Their reference 
to the cause of vibration, the unevenness of the rail 
surface being taken as the main reason, is certainly of 
special interest. 

The District Railway started operating electrically 
in 1905, the system adopted being direct current at 
600 volts and an insulated return being employed. It is 
interesting to recall the principal events leading up to 
the adoption of this system, which has been employed 
in all of the later railways as well as in the reconstructed 
City and South London Railwav. 

In view of the through running, the Metropolitan 
Railway naturally was associated with the District 
Railway in the decision on the system for electrification. 
The line from Earl’s Court to High Street, Kensington 
(about # mile), was experimentally equipped with the 
d.c. system in 1900 at the cost of the two companies. 
The electrical adviser of the Metropolitan Railway made 
an adverse report on this experimental electrification, 
with which report the District Railway advisers were not 
in agreement. The Joint Electrification Committee 
which had been formed by the two companies then asked 
nine electrical firms to tender for the electrification of 
the Inner Circle. Only the tender of Messrs. Ganz, of 
Budapest, for their 3 000-volt three-phase system with 
two overhead wires, and that of the British Thomson- 
Houston Co. for the 600-volt d.c. system, need be 
considered here. Both the Metropolitan technical 
adviser, Mr. Thomas Parker, and the District Railway 
adviser, Sir William Preece, favoured the Ganz system, 
and after some delay this system was recommended to 
the respective boards of directors by the Joint Elec- 
trification Committee. The recommendation was 
approved by the Metropolitan Railway Board but not 
by the District Railway Board. 

Meanwhile, American interests, represented by Mr. 
Yerkes, with Mr. James R. Chapman as chief engineer, 
had to a large extent taken charge of the situation so 
far as the District Railway was concerned, and these 
interests were providing the financial assistance required 
for carrying out electrification. These interests desired 
low-tension direct current for the electrification, and 
sent Messrs. Chapman, Parshall and Dawson (now Sir 
Philip Dawson) to Budapest to see the Ganz experi- 
mental line. This line, however, had just been dis- 
mantled, but the Valtellina line in North Italy, then 
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nearly completed, was visited and tests were made in 
the presence of the three engineers. As a result of 
their report the District Railway directors were not 
disposed to agree to the adoption of the Ganz system. 
The Metropolitan Railway, however, still desired this 
system, and finally the two railway companies applied 
to the Board of Trade for the appointment of a special 
Arbitration Tribunal. 

The Tribunal duly reported to the Board of Trade, 
which, after consideration, decided in favour of the d.c. 
system as described in the District Railway’s applica- 
tion. This brought events to 1902, when the electrifi- 
cation of both railways was put in hand and ended this 
battle of the systems. 

The second point decided at the same time was the 
introduction of the insulated return, and this will be 
dealt with later. 

The financial interests which provided means for the 
electrification of the District Railway also took over 
the Bakerloo Tube, which was lying dormant at the 
time, following on financial difficulties, as well as other 
lines, two of which were connected to form the Piccadilly 
Tube as it exists to-day. 

The group of lines forming the subject of this paper 
has developed from small independent railways laid 
out without regard to a comprehensive scheme of 
traffic facilities. The type of service on all these lines 
is somewhat special, the distance between station stops 
on the busy sections being well under $ mile, with a 
very frequent service of trains at regular intervals. 

It is not intended in this paper to give a general 
description of the actual equipment installed, reference 
to the individual parts of the installation only being 
made where some special feature of interest arises. 

The outstanding feature in the form of electrical 
equipment of track on these railways is the use of the 
insulated return, this now applying throughout with 
the exception of the Central London Railway. 


INSULATED RETURN FOR TRACTION CURRENT. 


The earlier Tube railways adopted the earthed return, 
the track rails being used for conveying the current 
back to the substation. The electrification of the 
District and Metropolitan Railways was carried out 
with an insulated return, a fourth rail being provided. 
Undoubtedly the chief feature determining the decision 
to adopt an insulated return was the possible injurious 
effect on apparatus of other concerns such as gas pipes, 
water pipes, telegraph or telephone cables and, in 
particular, the Government Observatories. When Par- 
liamentary powers were being obtained for electrifying 
the District Railway and for the construction of Tube 
railways, protective clauses were inserted in the Acts 
on behalf of these various interests. Appendix II gives 
extracts which are typical of such clauses. With 
regard to Clause 3, which requires that the power shall 
only be used in accordance with the Board of Trade 
Regulations, no Regulations have been issued, pre- 
sumably because additional Regulations were found 
to be unnecessary. 

The decision to have an insulated return was influ- 
enced by the situation and construction of the District 
Railway. The tracks were near to the surface and 


Ls e 


EQUIPMENT OF TRACK 


therefore near to outside interests, such as cables, pipes, 
etc., that might be affected. The railway was not 
surrounded by a cast-iron lining as on the Tube rail- 
ways, and track circuit signalling employing direct 
current was to be installed, making it difficult to use 
the track rails for the return traction current; it was 
also claimed that the insulated return allowed the 
railways to continue working if one pole became earthed 
due to failure of insulation, and cases have occurred 
where for many hours the system has operated with the 
positive conductor earthed. 

The general supposition that the use of track rails 
for return traction current is much cheaper than the 
installation of a fourth rail for the insulated return is 
not necessarily correct where track circuits are employed 
for signalling purposes and where the signalling installed 
has to provide for a very close headway of trains. The 
use of track rails for both traction and signalling current 
renders impedance bonds necessary for separation of 
the a.c. signalling sections. The cost of the electrical 
equipment of track with the earthed return and track 
circuits is about the same as the cost of the electrical 
equipment of track for the insulated return where the 
track has to deal with a close headway of trains, neces- 
sitating 9 signalling sections per mile; at the densest 
part of the District system there are about 12 signal 
sections per mile. This comparison for a mile is based 
upon one conductor rail with bonding of two track 
rails costing £1 000, nine impedance bonds with their 
equipment costing £800, and two conductor rails costing 
£1 800. There are several other factors to be taken 
into account in considering the comparative costs of 
earthed and insulated returns, such as :— 


The double shoe equipment on trains with the 
insulated return. 

The additional cost of replacing track rails when 
bonded for the earthed return. 

The conductivity of one current rail being nearly 
equal to that of two track rails. 

The cost of maintenance and replacement of the 
fourth rail. 


The financial aspect was not such as readily to 
determine the system to be adopted; on general 
grounds and with the conditions existing at that time 
there was good reason for the adoption of the insulated 
return; further, a case could not be made to-day for a 
change to the earthed return. 

It is improbable that there will be any further adoption 
of the insulated return except for extensions to existing 
lines; it is, therefore, of no special concern to enter 
into a lengthy account of the general pros and cons of 
these two systems, but at least it will be of interest to 
give some of the results obtained in working the 
insulated return system. 

In working the railways with an insulated return, 
certain effects have been encountered which were not 
anticipated when the system was adopted. It will be 
realized that if there is a short-circuit between the 
positive side of the low-tension system and earth the 
negative side of the system becomes 600 volts below 
earth potential. The amount of current that can flow 
through the positive short-circuit is limited by the 
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leakage of the whole of the negative side of the system, 
and in consequence, although the current flowing 
through the positive short-circuit may be appreciable, 
it will probably not be sufficient to open the circuit 
breakers in the substations, and the fusing at the 
positive fault wil continue until either the cause is 
removed or a breakdown occurs on the negative side 
of the system sufficiently near to the positive short- 
circuit to operate the substation circuit breakers. It 
has been found that this form of failure with the 
insulated return usually accompanied, or had the result 
of causing, breakdowns of insulation at other parts of 
the system, such as the earthing of a train equipment 
not infrequently at a distance of several miles from the 


from the District Railway. Previous cases of fusing 
had extended over still wider areas. 

It was difficult to account for these failures resultant 
on the original positive short-circuit, but investigation 
went to show that pressures above 600 volts must be 
present, apparently due to sudden interruption of 
heavy currents flowing over considerable distances. It 
was therefore decided to invite the late Mr. Duddell to 
carry out experiments for the company, and a series 
of tests was made on the District Railway during non- 
traffic hours on the effect of sudden interruption of 
large currents flowing along considerable lengths of 
conductor rail and of track rail. The tests also related 
to the use of various protective devices installed to 


Original fault shown thus — E — 
Subsequent failures shown thus ...................... 
Lines with common supply at the time shown thus emu 


Fic. l.—Position of failures arising from earthed positive conductor rail. 


original positive short-circuit. As an illustration, on 
one occasion truck gear came into contact with the 
positive rail at Lambeth North station at 9.7 a.m. 
This was followed by incidents on the Tube railways as 
under :—' 


9.14 a.m. 


Highgate: negative connection box on a 
car burnt out. 
9.18 a.m. Strand: arcing at train shoes. 
9.23 a.m. South Kentish Town: fusing on negative 
connection box. 
9.27 a.m. Queen's Park: train motor burnt out. 
- 9.30 a.m. Piccadilly Circus: train motor burnt out. 


Fig. ł shows the location of the faults. 
: At the date of this occurrence the London Electric 
Railways had been separated on the low-tension side 


prevent rises of pressure. A summary of Mr. Duddell's 
reports to the company is given in Appendix III, from 
which it will be seen that a rise of pressure as high as 
3 000 volts was obtained by the sudden interruption of 
heavy currents at 600 volts flowing a distance of some 
10 miles. The circuit consisted in large part of steel 
rail which, as compared with a copper cable of that 
length, would conduce to a rise of pressure. The tests 
carried out did not establish the suitability of any of 
the protective devices to prevent rise of pressure for thé 
particular circumstances connected with these conditions. 
Certain steps have been taken to deal with this 
particular class of failure, in the first place by section- 
alizing the low-tension network so as to lessen the 
likelihood of failure, and secondly by providing means 
whereby the current can be removed from the defective 
section at a moment's notice. NE 
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The low-tension network originally was common to 
all lines using the insulated return. As a first step the 
District Railway was separated from the Tube lines by 
dividing the substation busbars in joint substations. 
Later the Tube lines were divided. 

A series of lamps with the middle point earthed is 
provided in the traffic controller’s office for each of the 
lines, and the presence of an earth on either the positive 
or negative side of the system is indicated by the 
change in briliancy of the lamps. As soon as this 
effect is observed the engineering departments are 
advised and steps taken to trace the cause and remedy it. 

Recording voltmeters are installed at a few places 
to record the voltage between the negative and earth, 
and are placed in such positions as to be frequently 
under observation. These records are used in connection 
with inquiries into failures of insulation on rolling stock 
and other equipment. 

It is now proposed to deal more particularly with the 
electrical equipment of the track itself. 
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Good conductivity is naturally of considerable 
importance and deserves more attention than has been 
given to it. The resistance of individual rails in a 
consignment varies not infrequently from 6] to 7$ times 
the resistance of copper by volume. The specification 
calls for a resistance as low as possible and in any case 
not exceeding 74 times that of copper asmeasured by 
volume. It is difficult to explain what brings about 
such variation of resistance; the chemical analysis 
does not make the reason clear, as will be seen from 
Table 1, which relates to a recent consignment of rails 
received for one of the Tube railways. 

From the analyses the first two cast (03 and 80) 
might reasonably be expected to show lower, or at 
least not greater, resistances than the last two casts 
(72 and 77); actually the reverse is the case, to 
the extent of some 10 per cent. These four casts 
were manufactured by the same works and at the same 
roling. The analyses certainly cannot be considered 
to account for such variations of resistance as are 


I — — 4-34” (4) ——+] 


Central London Rly. 
85 Ib. per yd. 


Fig. 2.—Types of conductor rails. 


MATERIAL OF CONDUCTOR RAILS. 


The type of conductor rail installed on the District 
Railway is a flat-bottom section weighing 100 lb. per 
yard, and on the London Electric tunnel sections a 
special rectangular section weighing 85 lb. per yard. 
These sections are shown in Fig. 2, where the 85-lb. 
channel section originally adopted for the Central 
London Railway is also shown. A lighter section of 
current rail has been adopted on the London Electric 
Railway as compared with the District Railway, on 
account of the lower current consumption of the trains. 
lhe advantages and disadvantages of the rectangular 
section as compared with the flat-bottom rail are dealt 
with later, but one of the reasons for the adoption of 
this type of rail on the London Electric Railways was 
the small amount of space available for the positive rail 
in the Tubes. 

Special soft steel containing about 0-08 per cent of 
carbon is used for conductor rails, this having a 
resistance about 7 times that of copper of equal cross- 
sectional area, or approximately 0:03 ohm per mile 
for the 100-Ib. rail. In addition to low carbon content, 
a low manganese content in the steel is necessary ; in 
fact, it can be said that a maximum of iron and a 
minimum of other constituents is required to obtain 
high conductivity. 


shown above, nor can ordinary variations of density in 
the material do so. It is probable that the exercise 
of special care in the manufacture of the material, 
e.g. in the temperature of rolling, would enable a 
better conductivity to be obtained, quite apart from a 


TABLE 1. 
Resistance and Analysis of Conductor Rail Steel. 


ae Resistance * Carbon Sulpbur 
per cent per cent 

63 7°72 0-074 0-034 
80 7:60 0-078 0-031 
72 7°02 0-080 0-037 
77 6-91 0-080 0-033 


* Compared with that of a copper rail ot similar cross-section. 


favourable chemical composition being provided. Such 
a result should be obtained at little additional cost, 
and improvement should take place in this direction 
rather than by the introduction of iron rails at con- 
siderably higher cost—something like 30 per cent 
increase. 
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Pure iron has a resistance about 5-8 times that 
of copper, and conductor rails can be obtained of a 
commercial pure iron having a resistance about 6-2 
times that of copper, whereas ordinary conductor rails 
have a resistance about 7 times that of copper. This 
improvement of some 15 per cent in conductivity, 
however, involves 30 per cent extra cost, so that in 
situations where only conductivity is concerned it is 
clearly cheaper to obtain greater conductivity by the 
adoption of heavier ordinary rails; however, this 
special iron, in addition to having higher conductivity, 
would reduce the amount of corrosion as compared 
with ordinary conductor-rail steel. The use of iron 
rails on the open sections of these railways has been 
reviewed to see whether the improved conductivity 
and reduced loss would be sufficient to justify their 
use. The loss of weight due to wear and corrosion of 
rails is dealt with later, but on the Underground Rail- 
ways no case could be made out for the introduction of 
iron conductor rails. 


CONDUCTOR RAIL SECTION. 


The flat-bottom section, in comparison with the 
rectangular section, allows of a better alignment at 
the joint, due to the provision of fishing angles, and as 
it has a broader base it is less liable to overturn. In 
addition, the bonding is easier to arrange; on the 
other hand it exposes a large surface for corrosion. 
As already mentioned, the rectangular section was 
adopted for use in Tube tunnels on account of the 
limited clearances, and it has proved quite satisfactory 
for this situation. The rectangular section would at 
first sight appear to be easier to roll, but the groove 
provided for fishing purposes does away with the 
otherwise simple section. The channel section is more 
stable in position than the rectangular, but its supports 
and connections are not so readily inspected and 
bending is more difficult. 

It is difficult to provide a rail section that will meet 
the several requirements, and a compromise seems to 
be inevitable. The requirements, which appear to be 
best met by the flat-bottom rail, can be summarized as 
follows :— 


(1) The rail should have a wide base to lessen the 
liability of overturning. 

(2) The area of the rail exposed to climatic conditions 
should be small to lessen the loss of weight by 
corrosion. | 

(3) The head should be wide so as to lessen the 
liability of shoes getting down on the side, but 
sufficient depth of head must be allowed to 
provide for wear. 

(4) The section should be simple so as to be readily 
rolled from steel of good conductivity. 

(5) The rail should be of such section as to facilitate 
bonding and inspection of the connections. 

(6) The section should be such that rigid alignment 
‘can be secured by fishplates or other suitable 
means. 

. (?) The rail should be easy lo bend by ''crowing," 
for use on curves, 


OLD TRACK RAILS AS CURRENT RAILS. 


Old running rails, bull-head section, have been used 
as current rails in sidings and other places, where con- 
ductivity is of little account, with the object of lessen- 
ing the cost. The rails are held in position by a special 
cast-iron chair made in two sections, and the chair 
rests upon an ordinary negative or short insulator for 
the positive rail, a specially low insulator being used 
for the negative. Fig. 3 shows the special cast-iron 
chair which, it will be seen, is formed of two halves 
clamping over the two sides of the rail and automatically 
interlocking when in position. The rail is placed head 
downwards, as the bottom of an old track rail provides 


Fic. 3.—Cast-iron holder for bull-head rail. 


a better surface for the shoe. An appreciable saving 
is effected by this type of equipment, the cost of old 
rails being about a quarter of that of new conductor 
rails. 


CONDUCTIVITY OF RAILs. 


Some years ago an investigation was made into the 
conductivity of the various lengths of current rails, the 
methods of carrying out periodical tests, the practice 
with regard to more detailed investigation where con- 
ductivity was not satisfactory, and the standards of 
conductivity to be maintained. 

As a result the following practices were decided 


upon :— 


(a) The conductivity of the current rails to be 
measured annually between substations by 
connecting through the adjoining tracks at 
substations and passing a test current through 
the rails. 

(b) Tests on the track to be carried out on any 
section length where the conductivity is less 
than 95 per cent of that of a continuous rail, 
due allowance being made for reduction of 
cross-section of the rail by corrosion and wear. 

(c) Test on the track to be first carried out by 
sectionalizing the rail at cross-overs and other 
convenient gaps, and finally at individual 
bonded joints. 


The instrument used for testing individual joints is 
arranged to measure the voltage-drop along a yard 
length of conductor rail containing the joint, and in 
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comparison at the same instant the voltage-drop along 
the adjoining yard of rail, which naturally does not 
contain a joint: this comparison forms a measure of 
the efficiency of the bonded joint. The test can be 
made quite rapidly, the instrument having three points 
on a flexible bar which are pressed down on the top of 
the rail surface. The advantage of this method is that 
the ordinary traction currents flowing in the rail can 
be used for carrying out these tests, the variable 
currents being equally as suitable as steady currents. 
When the special investigation was made into con- 
ductivity, in some cases it was as low as 80 to 85 per 


in connection with these bonds are not high. Origi- 
nally two short bonds and two long ones per joint were 
installed as shown in Fig. 4, but the breakages of short 
bonds were very heavy, due presumably to slight 
movement of the joints and vibration. The bonds 
were re-arranged on renewal, as shown also in Fig. 4. 
The bonds are all the same length and are giving quite 
satisfactory results. 


SECTIONALIZING. 


When current has been taken off a section for some 
special purpose and remains on the adjoining section, 
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Fic. 4.—Conductor-rail bonding. 


cent of that of a continuous rail, It is the exception 
now to have the conductivity. less than 95 per cent. 


BONDING. 


Pin bonds are . used throughout the Underground 
Railways, the head being drop-forged to the cable 
connection, and a steel pin being driven in to expand 
the head in the hole of the rail. 

These are favoured as being easy to replace during 
trafic hours; in many cases the bonds can be used 
again with a slightly larger pin, and the labour costs 


it is obvious that, unless a gap of considerable length 
exists, train collector shoes can bridge across and make 
the dead section alive. To prevent such an occurrence 
a short piece of track is provided between the two 
sections, this short piece of track being known as the 
“train section " ; it is a little longer than the longest 
train and separately fed from the substation busbars. 
The train section is switched off from the substations 
whenever the adjoining section is made dead for any 
purpose. Such an arrangement is expensive to provide, 
particularly if the substation is some little distance 
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away from the track. Not only is there the cost of the 
separate feed to the train section, but there is also 
the effect of lengthening the feeder cables to the main 
sections. Our present practice which applies to new 
lines, and which is gradually being applied to existing 
lines, is not to install train sections but to fit a special 
indicator known as the “ gap indicator," a few feet in 
the rear of the actual section gap, the section gap con- 
sisting of a piece of hard-wood 2 ft. long inserted between 
the rail ends. The gap indicators are light signals of a 
special type, normally being extinguished and giving no 
indication; but when the section ahead is for any 
reason dead, three small red lights are automatically 
shown. Such signal gives a visual notification to the 
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Fic. 5.—Standard arrangement of protection 


driver that the section ahead is dead and he therefore 
stops his train before bridging takes place. 


PROTECTION. 


Protection against accidental contact with conductor 
rails was originally provided throughout the District 
Railway by means of wooden creosoted planks secured 
on each side of the rail. Considerable expenditure, in 
large part due to warping, was found necessary to 
maintain these planks. As a first step it was decided 
to remove the inside protection plank, relying upon the 
outside plank only; at a later date the whole question 
of protection was reviewed and it was found difficult to 
make a case for the retention of this one plank through- 
out theline. The matter was taken up with the Inspect- 
ing Officer of the Board of Trade and formal approval 
was obtained to remove the whole of the protection 
planking, except at certain places, i.e. where men have to 
cross the track or work near the running lines, through 
Stations, near signals and in depot yards—at all these 
places an outside plank only being provided. This is 


our present practice and experience does not indicate 
that anything more is required. The present standard 
arrangement of one outside plank is shown in Fig. 6. 


RAIL RAMPS. 


The Underground Railways provide separate ramps 
at rail-ends of cross-over gaps or other places where the 
rails are not continuous, as opposed to turning down 
the ends of the conductor rails. The cast-iron ramp 
(Fig. 6), whilst introducing another joint, has a distinct 
advantage in that it has a wide top surface or head 
so that with the narrow shoes as used on the Under- 
ground Railways the possibility of shoes getting down 
by the side of the rail is materially lessened. With 


Running rail 


planking as now used on the District Railway. 


the cast-iron ramp, support can be given right up to 
the end, as opposed to the necessary overhang where 
the rail is turned down. ‘The ramps are secured to the 
conductor rail by fishplates, but are not bonded. The 
present standard ramps are 4 ft. long and serve for 
both facing and trailing positions, the ramp having a 
slope of about 1 in 20. The original ramps were much 
shorter, the ramp for the trailing position being only 
1 ft. long, amounting in practice to a rounded end. 
The object of these short ramps was to reduce the 
length of conductor rail gap and the amount of cable 
required in connection therewith. It was found, how- 
ever, that these ramps gave the shoe too sharp a tilt, 
and at times the shoe, in passing over the track rail 
in this inclined position, touched the rail, causing an 
earth on the system; further, where the gap was short 
the shoe had not arrived at its horizontal position 
before reaching the upward incline, so causing a some- 
what heavy blow. The need for being able to provide 
an easy incline, widened surface, and replacement of 
the incline on account of wear or other causes would 
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naturally become more pronounced where higher speeds 
are being run. 

Cases have occurred on the Underground Railways of 
rails being overturned, this in some cases being due to 
atmospheric action pushing the rails out of position, 
and in others due to a defective train shoe getting 
down by the side of the rail. As much as } mile of 
rail was sometimes pushed over. In several places 
hard-wood blocks of stout construction have been 


tried, but the best results have been obtained with a 
giant strain insulator. This is fixed at one end to a 
strap bolted to the underside of the rail and at the 
other end secured to a sleeper by means of a strap 
fastened to the top of the sleeper and turned down over 
its side, as shown in Fig. 7. 

It is not practicable to put in a sufficient number of 
strain insulators to ensure that the whole of the move- 
ment due to variation of temperature is taken up at 


Fic. 6.—4 ft. 6 in. fan-tail cast-iron ramp for 100 lb. conductor rail, as used on the District Railway. 


installed at rail-ends and fixed to the sleeper, to break 
away hanging shoes and prevent the rail from becoming 
displaced. 


ANCHORING OF CONDUCTOR RAILS. 


Conductor rails endeavour to move or creep in the 
direction of traffic, even on up-gradients. There is a 
greater tendency for this creeping movement on the 


Insulator 


each joint. The present practice for new lines is to 
install anchors, on the average, 300 yards apart; the 
spacing of the anchors is favoured with regard to their 
being closer towards the centre of the length of current 
rail, as there is greater freedom for movement of the 
rails as a whole at the rail-ends or near the gaps. The 
number of anchors is increased on curves and down- 
gradients and also where, from observation as to the 


Fic. 7.—Anchor for conductor rail. 


outside sections of the line, as expansion and contrac- 
tion with change of temperature aid movement of the 
rails. Conductor rails cannot be held as readily as the 
track rails, as they merely rest on the insulator support 
at about every third sleeper, whereas the track rail is 
rigidly held at every sleeper. 

The effect can be regarded from two aspects. the 
first being the creeping movement due to the passing 
train shoes, and the second the effect of variation in 
temperature. These effects have been responsible for 
the overturning of rails in many cases. Various types 
of insulator designed to act also as an anchor have been 


movement at individual ig and section gaps, some 
additional holding is n 

Inspections of the track go to show that, on the 
average, one in three of the conductor rail joints are 
taking up atmospheric movement, and that at the 
section length-ends (between gaps in the conductor 
rails) movements up to as much as 3 in. have been 
observed, this movement being an indication that 
some additional anchoring is required. Attention is 
given to seeing that the fishplates are not too tightly 
bolted, and in some cases they are taken off, cleaned 
and lubricated. 
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Experiments are being made on a special joint for 
taking up ‘conductor rail movement (see Fig. 8), and 
observation extending over 12 months shows that a 
daily movement up to 1} in. is recorded, the joint 
providing for movement up to 4} in. 


TRACK JUMPER CABLES AND CONNECTIONS. 


Failures have occurred with the earlier jumper cables 
laid direct in the ground at junctions and other places 
where gaps occur in the current rail, these cables being 
lead-covered and rubber-insulated. It was found that 
the lead covering in time became damaged by elec- 
trolysis and vibration, the broken lead appearing to cut 
into and act upon the rubber insulation, thus causing 
electrical failures. To overcome these failures it was 
decided to lay these cables in wooden troughs on the 
sleepers and above ground, the cable used being a 
special one with rubber insulation having a covering of 
bitumen-rubber and taped, braided and compounded, 
but not lead-covered. This type of cable was first used 


- 


maintained, the stainless steel set-screws are stronger 
and allow of better tightening up. Several cases have 
occurred in the past where men, especially when being 
pressed for time, have twisted off the heads of the 
gunmetal set-screws. 


Loss OF WEIGHT OF CONDUCTOR RAILS. 


The appearance of the rail is somewhat misleading 
in that the heavy scaling would appear to indicate a 
much more rapid wastage than has actually occurred. 
There are special places such as in the neighbourhood 
of acid works, and no doubt near the sea, where loss of 
weight occurs at a much greater rate than in London, 
cases of 2 to 22 per cent loss per annum having been 
reported. The loss on the Underground Railways 
varies from about 0-2 per cent under favourable 
conditions to 1-2 per cent under specially adverse 
conditions. 

Loss of weight occurs from two causes, corrosion 
and wear. Lengths of conductor rail on the District 
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Fic. 8.—Special conductor-rail expansion-joint. 


about 12 years ago and its original form was not entirely 
satisfactory owing to the bitumen cracking after some 
years and allowing water to percolate into the cable. 
Certain changes made in the manufacture included an 
increase in the rubber, and good results are now being 
obtained. 

Cable connections to the conductor rails are made by 
flat lugs fixed with set-screws. This method is more 
successful than might be expected and there has been 
no difficulty in maintaining good contact. There is a 
practical test used by the men which generally reveals 
more or less imperfect contact; after wet weather they 
inspect such connections and any which reveal a ten- 
dency to dry more quickly than the others are over- 
hauled. This may seem to be a very rough-and-ready 
method, but the few cases of bad contact revealed by 
more elaborate tests indicate it to be of practical value. 
An improvement made in recent years in such joints is 
the use of stainless steel in place of gunmetal for the 
set-screws; it is found that better connections result 
from their use, as, quite apart from a clean surface being 


Railway have been taken out and weighed, with the 
object of keeping some record of the loss of weight 
taking place. The rails selected have been not only in 
the tunnel sections where the loss would be mainly 
due to wear, but also on the outside sections where 
corrosion must have a considerable effect. 

To divide up the total loss of weight as between 
wear and corrosion, the loss in depth of head (due to 
wear) was measured by callipers and gauge, and the 
weight of this amount of wear off the head has been 
deducted from the total weight lost to give that due to 
corrosion. The exact weight of the rails when installed 
is not available and variations from the specification 
weight undoubtedly occur, although in some of the 
rails dealt with in these figures the actual weights 
over a period of some 15 years are available. The 
figures given in Table 2 relate in all cases to negative 
rails and are the average of a number of records, as 
individual rails vary considerably—owing to chemical 
composition, hardness or other causes. 

In cases of measurement of small corrosion some 
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account has been taken of the actual appearance of 
the surface of the rail, or, in other words, the amount 
of pitting that has taken place. 

At first sight these figures appear to be very mis- 
leading in that, for instance, the proportion of wear is 
greater at Park Royal and South Ealing with light 
train service than at Blackfriars where the service is 


train service, which is particularly heavy at Earl’s 
Court. ° 

The dimensions of wear of the head of Tube rails 
which are given in Table 3 confirm the view that the 
wear is increased materially where moisture is present. 
Tube tunnels are quite dry and, as the readings taken 
were at various places on the Piccadilly Railway, the 


TABLE 2. 


Loss of Weight of Conductor Rails, District Railway. 


Locality Climatic conditions 
Blackfriars In tunnel but subject to 
some atmospheric action 
Park Royal and South Ealing | In open 
Earl's Court .. In open 


* Total wear off head due to all causes. 


particularly heavy ; again, at Earl's Court the loss by 
corrosion is much heavier than that at Park Royal, 
the rails in both cases being in the open. The reason 
for the paradox apparently is that the wear off the 
head of the rail is increased materially where moisture 
is present. It is suggested that a thin film of rust 
forms on the surface where moisture is present, and 


TABLE 3. 


Wear Of Conductor Rails.* 
Piccadilly Railway. 


Loss from head 
Location conditions 
Positive Negative 
]b. per yard per annum 
In tunnel .. Dry 0:08 0-065 
Outside section 0-66 0-59 
District Railway. 
On incline— | 
Up-grade and 
heavy current In open 0:53 0-50 
Down-grade (no 
current being 
collected) In open 0:36 0-34 


* The figures are the average for several rails. 


that this film is swept off by train shoes and a clean 
surface left for a fresh formation of rust, and that as a 
result a much quicker corrosion effect takes place. 

With regard to the heavy loss from corrosion at 
Earl's Court, the case is not so clear; it can only be 
suggested that vibration accelerates corrosion and the 
amount therefore is dependent to some extent on 


Loss by 
Train service vat pee ana 
Wear * Corrosion 
lb. lb. Ib. 
Heavy 0:15 0-15 Very small 
Light 0-44 0-23 0-21 
Heavy 1:20 0-76 0-44 
train service was therefore identical. It will be seen 


that in the Tube tunnels the wear of the positive rails is 
about 0-08 lb. per yard per annum, and in the open 
0-66 1b., or about 84 times as much. Table 3 also 
shows readings taken on both tracks of the District 
Railway on gradients of about 1 in 40; these figures 
show that where current is being collected the wear of 
the head of the rail is increased. 

It is interesting to note that positive rails wear a 
little more quickly than negative rails, and in par- 
ticular where current is being collected ; the difference, 
in fact, is a little greater than that shown, as the negative 
shoes on the District Railway are heavier than the 
positive. 

The wear on conductor rails is influenced by the 


TABLE 4. 


Comparative Wear of Conductor Rails—London Electric 
and Central London Railways. 


L.E.R. C.L.R. 
Weight of shoe, lb. .. is T 15 42 
Weight of new rail, lb. per yd. .. 85 85 
Width of contact rail head, in. .. 2 | g 
Wear of rail, in. pa vx - 3*5 i 
Loss of weight due to wear, Ib. per yd. 2:4 5:5 


weight of shoe, and Table 4 gives the comparative wear 
on the rails on the London Electric and Central London 
Railways under different weights of shoes, from which 
it will be seen that with shoes nearly three times as 
heavy the wear is increased some 2} times. The train 
service on the two railways can be taken to be the same. 

As above mentioned, these several results are the 


ON THE UNDERGROUND RAILWAYS OF LONDON. 


average of a number of results, individual rails varying 
considerably, but a review of the figures indicates the 
following conclusions regarding rails on the Underground 
Railways :— . 


(a) The wear of the head of the rail due solely to the 
passage of train shoes is quite small—for a 
light train service under 0-1 lb. per yard per 
annum, and for frequent train service about 
0:2 Ib. per yard per annum. 

(b) The wear of the head of the rail is increased where 
exposed to atmospheric conditions or dampness 
—for light train service by about 0-15 lb. per 
yard per annum, and for frequent train service 
by about 0-4 lb. per yard per annum. 

(c) The loss of weight due to corrosion [in addition 
to loss in (b) above] varies considerably, the 
following factors affecting it: Atmospheric 
conditions, i.e. the rails being in an exposed or 
sheltered position ; and the frequency of train 
service, the vibration causing the rust to 
flake off. In Tube tunnels where the air is 
very dry no loss takes place; in the District 
Railway tunnels it is very small, and on outside 
sections 0-2 to 0-45 lb. per yard per annum. 

(d) The wear of the head of the rail is increased 
where current is being collected by the train 
shoes, heavy currents increasing the amount of 
this wear, even up to 40 per cent. 

(e) The wear of the head of the rail is increased by 
heavier train shoes, but not in direct proportion 
to the increased weight. 


It is desirable to record a feature which has come to 
light in investigations as to loss of weight, and that is 
the extraordinary difference in the amount of wear that 
has taken place within the length of an individual 
conductor rail. Whilst up to the present time no 
satisfactory explanation has been discovered, it is 
interesting to give the information resulting from the 
inquiry into the matter. The rail taken as an example 
is the worst one on record. It was taken out of the 
District Railway track early in 1925 and therefore 
after a service of some 20 years. The least vertical 
wear of the head is about $ in. and the maximum 
depth of wear 11 in. as shown in Fig. 9. These 
dimensions occur some 20 ft. apart on the same rail, 
so that there can be no marked variation in chemical 
composition. Brinnell tests taken on the sections of 
rail cut out at these two places only showed that there 
was slight difference in hardness, the piece with the 
greater wear having a Brinnell figure of 99 as compared 
with 109 for the piece with minimum wear: as a 
comparison, an ordinary track rail has a figure of 266. 


PAINTING OF CONDUCTOR RAILS. 


Painting as a means of reducing corrosion of’ corn- 
ductor rails has been tried by certain companies. It is 
apparent that painting of rails in the tunnels would not 
be justified, little corrosion taking place; from experi- 
ments carried out on rails of the outside sections it has 
been determined that such practice, at least under the 
conditions that exist on the Underground Railways, is 
not justified. The painting of rails before installation 
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can be done with a comparatively small expenditure, 
but subsequent painting after installation, when the 
work has to be undertaken between trains or during 
non-traffic hours, entails appreciable cost. On the 
Underground Railways it was found that this work on 
the track cost, at to-day’s prices, about £67 per mile 
of single rail, over 90 per cent of this amount being 
for labour. The work consisted of scraping and wire- 
brushing the rails and applying various forms of paint 
—some being special compositions of a plastic nature. 
It would be necessary to paint rails every three or four 
years to do away with corrosion and to make the life 
of the rail dependent upon wear alone. It has already 
been pointed out that in open sections the loss of weight 
due to atmospheric conditions is greater than that due 
to wear; further, that a proportion of this loss, maybe 
as much as half, takes place on the top of the rail. 
This top surface naturally cannot be painted, and 


Section with least wear Malleable iron 
" = greatest » cap 


Malleable iron 
base 


10.—Original type 
of insulator used on 
the District Railway. 


Fic. 9.—Cross-section of worn con- FIG. 


ductor rail. 


therefore only part of the loss by corrosion can be 
saved and equated against the cost of painting. Effec- 
tively to stop corrosion by painting the rails would 
cost about £20 per annum per mile of rail, and this 
expenditure could not be justified; the sinking fund 
for replacement of rails from wear as well as from 
corrosion is, after 30 years, less than £20 per annum. 


GAUGING OF CONDUCTOR RAILS. 


To check the height of conductor rails in relation to 
track rails, a few years ago a small four-wheel trolley 
was fitted with a drum driven from the axle, and a 
roll of paper so arranged as to pass over the drum. 
The height of the conductor rail was recorded on the 
paper by means of pointers actuated by rollers bearing 
on the rails, The usefulness of this record was reduced 
by the fact that the light trolley did not reproduce 
conditions equivalent to a heavy train as regards 
depression of the track, which varies in different cases, 
but naturally only the difference between the depression 
of the running rails and the current rails is of concern 
as regards gauging, and this, from measurements 
taken, does not exceed $ in. A development of this 
method has been employed on the Central London 
Railway and overcame the disadvantage of the previous 
method. A rod was fitted through the floor of a motor- 
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car in such a position that the lower end rested on the 
collector shoe; the upper end of the rod actuated 
the arrangement for recording variation of height of 
the conductor rail relative to the car. 

For ordinary maintenance purposes the height of 
the current rail is hand-gauged by the permanent-way 
maintenance gangs who are responsible for keeping it 
to the standard level, the maximum variation permitted 
being à in. up or down. This is checked from time to 
time and it is found that this standard is worked to in 
practice. 

Iron packings in various thickness with clip-ends to 
fit over insulator caps were at one time inserted 
between the insulator cap and the rail in order to 
adjust it to the right level, but the use of these resulted 
in a certain amount of noise and mainly for that reason 
they have dropped out of use. Wood-packings fixed 
between the sleeper and the insulator are’ generally 
employed to adjust the height of the current rail. 
These packings are of creosoted pine for the open 
sections, and hard-wood for the tunnels. They are of 
sufficient size to take the insulator base and fastening 
clips and are supplied in thicknesses from } in. to 2 in. 

Experience has shown that it is very necessary to 
bend, by careful ''crowing," the rails installed on 
curves, to ensure that they are set properly to gauge. 
In practice it has been found that the electrical track 
equipment requires a higher standard of design and 
workmanship than was at one time considered to be 
necessary. 


INSULATORS. 


The insulators originally installed on the outside 
sections of the District Railway were of two materials, 
some being of porcelain and some of a granite com- 
position. They had a metal cap and a metal tripod 
base as shown in Fig. 10. The amount of insulating 
surface was small as compared with the modern insu- 
lator, which has developed on the lines of doing away 
with the metal base and, in the case of the composition 
insulator, of doing away entirely with the metal cap. 
Turning to the experience in maintenance, these porce- 
lain insulators have given little cause for complaint as 
regards insulating qualities, but a number of breakages 
have occurred almost entirely by crushing or break- 
ing away at the jointing of the metal cap. In the later 
type of insulator without a metal base this weakness 
still exists. The insulators are usually found to be 
broken when rails have to be removed for re-laying or 
for other purposes. Recently, in the renewal of 
14 miles of current rail near Hammersmith station, 
out of the total of 740 insulators taken out about one- 
third had to be renewed, in the majority of cases due to 
fractures near the metal cap. It can only be assumed 
that the vertical motion as between the current rail 
and the insulator with constant vibration, and maybe 
to some extent due to atmospheric action, is largely 
responsible. The fractures have occurred with insu- 
lators having the centre lug on the metal cap cemented 
in, as well as where a flat cap is cemented on to the top 
of the porcelain. It appears necessary for special atten- 
tion to be given to the design and material used for 
fixing the cap to the insulator. 


It was these breakages of porcelain and the desira- 
bility of doing away entirely with the metal cap which 
led to the introduction of composition insulators. At 
that time also they were cheaper. The composition 
insulator used has been found to be more robust than 
porcelain, although experience has shown that some 
strengthening of the head or side lips is necessary; 
this has been provided by moulding in some metal 
reinforcement. As will be seen from the insulator 
tests given in this paper, the insulation under adverse 
conditions is not so good as with porcelain, probably 
due to the less smooth surface. .$ number of insulators 
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Fic. 11.—Insulators (tunnel type) as used on the London 
Electric Railways. 


of a new composition have been in service for over a 
year and so far the results are encouraging. There is 
room for an insulator not requiring a separate cap and 
of a more robust nature than the porcelain or stoneware 
of to-day, and yet possessing the smooth surface and 
insulating qualities of porcelain. 

In doing away with the tripod base of the original 
type of insulator it has been found necessary to obtain a 
more even surface on the sleeper top for the insulators 
to rest upon. In cases where it is the practice to use 
the sleepers sawn side up or to have the top surface 
machined, there is no difficulty, but in other cases, 
and where there is a rough surface, it is desirable for 
the height of the insulator to be such as to allow a 
piece of wood packing to be inserted, which packing 
is later made use of in maintaining the height of the 
current rail. In no case should the height of the insula- 
tor be such that, with new track material throughout, 
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the rail surface will be to gauge without the use of 
packing. 

Glass insulators with metal cap and metal-frame base 
and without petticoat were tried some years ago on the 
Metropolitan District Railway. They were found to be 
too brittle and numerous breakages occurred. In many 
cases these breakages occurred before the insulators 
were put on the track, indicating internal stresses, no 
doubt due to poor manufacture. A second trial of a 
few glass insulators was made some years later. This 
type was similar to the present porcelain ones and of 
French manufacture and was said to be well annealed. 
The results again indicated that glass was too brittle. 

The use of insulators made from wood is not favoured, 
although good results were obtained from these insu- 
lators in the District Railway tunnels. They were 
used on the negative rail only and were dipped in hot 
insulating material. 

In Tube tunnels earthenware insulators are used 
with moulded side-clips as shown in Fig. 1l. This 
material is quite suitable for such conditions and is 
cheaper, but is too absorbent for outside use; it will 
be seen that the metal cap and base have been dispensed 
with. The initial experience of the side-clip moulded 
in earthenware was not a very happy one; on the 
opening of one of the Tube railways several thousands 
of insulators broke in the first few weeks; this was 
largely due to movement of the sleeper ends causing 
motion between the insulator top and current rails, 
and also to insufficient '' crowing " of the rails causing 
undue side pressure on the clip. Metal caps as shown 
were put in and almost stopped the breakages; later 
the insulators were set on separate blocks in the con- 
crete road bed to avoid the vertical motion. Under the 
modern track conditions with solid sleeper ends and 
rails carefully ''crowed " the insulators stand up well 
without caps. 

Insulators are installed at every third sleeper, or about 
every 8 ft. or 9 ft., but it is our general practice 
to provide an insulator on each side of current-rail 
joints so as to lessen the tendency for vertical motion 
at the joint or rail-ends. 

Some experiments have been carried out to determine 
whether the cost of cleaning insulators is justified. 
The tests were carried out both under working condi- 
tions and in the laboratory. The laboratory tests are 
summarized in Table 5, the insulation resistance being 
measured between the metal cap and a metal plate 
upon which the insulator stood. (Where there was no 
metal cap a lead plate was pressed down on the top 
surface.) It will be seen from these tests that new 
insulators, either of porcelain or of composition, under 
dry conditions gave for practical purposes readings of 
infinity; when tested wet the insulation in the case of 
porcelain remained practically the same, but in the 
case of the particular composition concerned it was 
reduced to about j megohm. When tested after 
immersion in salt water the insulation resistance was 
reduced to about 50 000 ohms in the case of the por- 
celain and to about 4000 ohms in the case of the 
composition. Dirty insulators were then taken out of 
the track from various places and tested under similar 
conditions. It will be seen from Table 5 that when 


TABLE 5. 


Tests of Effect of Dirt on Insulation Resistance of New and Dirty Track Insulators. 
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Insulator resistances over 200 megohms are given as infinity. 


t Breakdown voltage. 


$ Unable to build up a.c. voltage but withstood 600 volts d.c. 


* Withstood 10000 volts alternating current. 
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dry there was little difference as compared with new 
insulators, but when wet the difference was very 
marked, the insulation resistance of the porcelain 
insulator, after 9 years in the track, being reduced to 
65 000 ohms and the composition after 4 years in the 
track to 68 000 ohms. The insulation resistance of a 
very dirty insulator was found to be reduced from 
infinity to 12 000 ohms on immersion in water, and to 
600 ohms on immersion in salt water. The dirty 
insulators were then cleaned and similar readings 
taken. These are also shown in Table 5, from which 
it wil be seen that the insulators, under both 
dry and wet conditions, were practically as good 
as new insulators. It was therefore only required to 
determine whether it was necessary to maintain such a 
high standard of insulation and to incur the expenditure 
to provide this. As a check on these laboratory tests 
it was decided to make a test under working conditions, 
and two roads measuring about 1} miles in length were 
selected, these roads having about the same insulation 
value. Measurements were taken of the insulation 
resistance under varying climatic conditions. The 
insulators were then cleaned, the work extending over 
a week and the cost amounting to about £7 per mile of 
rail dealt with. Measurements were again taken under 
varying climatic conditions, and only those which 
relate to damp and wet weather are tabulated. The 
insulation resistance was measured from the positive 
and negative rails respectively to earth. There is no 
record of any cleaning having been carried out on the 
insulators on both these roads since their installation. 
Table 6 gives the results. 


of view of appearance, and at one or two special places 
in yards, where exceptionally shallow insulators have to 
be installed. 


TAKING OFF TRACTION CURRENT IN EMERGENCY. 


Reference to the electrical equipment of the track 
would be incomplete without a description of the 


TABLE 6. 

Insulation Resistance Readings—Average of a Number 
Taken. 
Q——————————— ————— 

Positive to | Negative to 
earth earth 
ohms osos. 

With rain falling : per miie. p. qe 
Before cleaning Es 200 280 
After cleaning (cleaning covering 400 600 
a period of one week) 
Moist atmosphere : 
Before cleaning 800 | 1200 
After cleaning 3 800 5 800 
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arrangements in force for cutting off current from the 
track in emergency. Short-circuiting bars, as shown in 
Fig. 12, are carried on each Tube train. These consist 
of an arm with a clip at one end to fit over the negative 
rail, The arm is arranged to pivot in this clip, and a 
conductor is arranged along the arm to connect to a 
contact so placed at the other end that it will fall on 


| | 
224^ hardwood beam $ Y 


2"x 4” steel strip 


Clip for 
conductor 


zc. | e. » 
rail 3-8% 
I 4 t 


Fic. 12.—Short-circuiting device for conductor rails. 


Reviewing the various factors, no case of short- 
circuit has occurred due to dirty insulators, and no 
ill-effects of any account can be traced to the small 
leakage currents which could be reduced during wet 
weather by cleaning the insulators. The value of 
the current lost is not a factor of any consequence. 
Insulators are not cleaned on the Underground Railways 


except in some Tube station platforms, from the point . 


to the rail as the arm pivots; a wooden handle is 
provided on the arm.: Such a device does not seem a 
very pleasant object to handle on tracks fed by sub- 
stations with circuit breakers set at 3 500 amperes, but 
it has been used on the centre of a Y-shaped section 
fed by three substations, and has been found to be 
effective in short-circuiting the rails and taking current 
off; in some cases the contacts have welded themselves 
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to the rail. This device is now mainly used to ensure 
that current taken off in emergency is not inadvertently 
restored too soon. It is placed across the rails after 
current has been taken off by a special device for 
making dead any section of the track in Tube tunnels at 
a moment’s notice. The company’s rule with regard 
to having current taken off, or current restored if it has 
been off for any purpose, is that current will be taken 
off on a message being received from any member of 
the staff, so long as the person gives his name and 
grade. The current will only be restored on authority 
of the traffic controller, who is responsible for satisfying 
himself that all is in order for current to be restored. 
He obtains such information as may be necessary from 
the man responsible for current being taken off. 

l The following is an outline description of the installa- 
tion referred to above for taking current off the tracks 
automatically. Two bare tinned copper wires (alumin- 
lum was tried but was found to be unsuitable) known 
as the tunnel lines are run throughout the Tube tunnels 
on insulators and at a height convenient for the train 
staff to reach. When these wires are short-circuited— 
for instance, by being pressed together, or even by 
connecting a portable telephone across them—the cir- 
cuit breakers at the substation or substations relating 
to the section in question are opened automatically by 
relays. 

Provision is further made that the train staff, by 
attaching to these wires the portable telephone carried 
on all trains, can speak to the substation operator, 
giving particulars of the reason for switching off current. 

The general arrangement of the circuit, and detailed 
particulars, are given in Appendix IV. 

As forming part of the arrangement in connection 
with taking off current, relays have been installed 
across the conductor rails to switch on automatically 
the general tunnel lighting (lamps placed at every 
50 ft.) when the current rails become dead. The 
tunnel-lighting circuits are fed from the a.c. station 
lighting supply and are in general use during non- 
trafic hours for maintenance requirements. As a 
further arrangement, in each car of a train two small 
lamps are provided which, on the current rails becoming 


7 dead,” automatically light up from a battery on the 


COLLECTION OF CURRENT DURING SNOWSTORMS, ETC. 


Interruptions to train working on account of ice or 
snow on the conductor rails occur on an average only 
once or twice each year, but whilst these are insignificant 
in number they are serious in effect, in some cases 
temporarily suspending the train service. Snow itself 
does not prevent the shoes from collecting current, the 
trouble arising from a film of ice on the rail : generally 
this occurs from sleet falling on a rail which is below 
freezing point, but it is sometimes brought about by a 
fall in temperature of the rail when wet from thawed 
snow, rain or dew. The film of ice which forms is 
sufficient to prevent shoes from picking up current, 
and trains may be entirely prevented from moving. 

Particulars are given of the several methods in use 
on the Underground Railways as well as of experiments 
carried out, but it must be admitted that the problem 


has not yet been solved. It is recognized that a change 
to under-contact collection of current, or even the use 
of a protected top-contact rail with a spring side-arm 
collector, would overcome these difficulties, but such a 
change on the Underground Railways could hardly be 
looked upon as a practical proposition. The methods in 
general use are mechanical, that is to say, the application 
of force to removing the films of ice from the rail surface. 
The most successful form of apparatus up to the present 
time is a steel strip brush. These are fitted to a pro- 
portion of the motor-cars. The details of construction 
are shown in Fig. 13, from which it will be seen that a 
raising and lowering device forms part of the equipment. 

One of the earliest forms of apparatus used on the 
District Railway (in about 1905) consisted of a series 
of hard steel plates fitted diagonally into a holder and 
pressed down by a spring on to the rail. It was of too 
stiff a nature and caused damage to the current-rail 
equipment, especially at inclines. Later a form of 
milling cutter, free to rotate, was tried in place of the 
steel plate, but the cutting edges did not stand up to 
the work. 

On the District Railway and Watford trains, special 
ice-cutting collecting shoes were fitted, the shoes being 
made with projecting chilled portions and pressed down 
by means of spiral springs. These shoes served to 
remove some sleet or ice, but soon got choked and 
“balled up” with frozen snow or ice. This form of 
equipment, apart from not giving the desired results, is 
unsatisfactory in that it is in operation during the 
whole period of running and not for the short per- 
centage of time when it is actually required. These 
have now been discontinued. 

Oil has been used on some electrified systems to 
prevent the ice film from adhering to the rail surface 
and to render it easy of removal even by the train 
shoes alone. A car was specially fitted up for a test 
in the use of oil. It was run between two motor-cars 
on the railway between Golders Green and Edgware. 
The car carried a drum of mineral oil as used for lubri- 
cation, the oil being heated electrically to keep it at a 
proper consistency. The oil was fed down to the 
collecting shoes, which spread it on to the rail surface. 
The experiment was not satisfactory. After rather a 
thick coating of oil had been spread on the rail surface, 
snow fell, and it appears to have mixed to some extent 
with the oil and this mixture prevented the shoes 
from making contact. The difficulty seems to be in 
getting the correct film of oil deposited; it must be 
sufficient to give a uniform coating and prevent ice 
from adhering, but there must be no surplus to rub 
off. It is thought that the dilution of oil with petrol 
or other volatile spirit and an improved method of 
applying it to the rail, perhaps in the form of a spray, 
will give better results, and this will be tried out shortly. 

A few years ago an experiment was made for removing 
ice by passing a heavy current through the conductor 
rails. The test was carried out on the Hounslow 
branch, the rails of the up and down road, positive and 
negative, being arranged in series, forming a loop of 
about 16 miles in length. A rotary convertor in the 
Acton Town substation at the end of the section in 
question was put across this loop. The atmospheric 
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temperature was about 23° F., and with 1 100 amperes 
(at 600 volts), there being little or no wind, the 
temperature of the rails was raised only 2 deg. in 
35 minutes. The current was afterwards increased to 
2250 amperes and the temperature of the rails was 
raised nearly 8 deg. in 24 minutes. On another occasion 
the tests showed that with an atmospheric temperature of 
24° F., again with little or no wind, with 1 500 amperes 
the temperature rose 11 deg. in 58 minutes and with 
2 000 amperes 104 deg. in 45 minutes. 


aoe 
e277 
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To lower 
wire brush 


The arrangements for dealing with ice troubles on 
conductor rails can be summarized as follows :— 


(1) A special car fitted with brushes and oil sprays 
is run out when conditions are such that 
trouble may be experienced from the formation 
of ice on the rails. This car is hauled by a 
battery car, or is run between two motor-cars 
with traction current on the rails during non- 
traffic hours, when conditions require it. 


Fic. 13.—Steel strip brush for removing ice from conductor rails. 


The results of these tests, referred to in Appendix V, 
show that heavy currents of 2000 amperes or more 
must be used to give an appreciable rise of temperature, 
on account of the large radiating surface of the current 
rails. Again, in exposed places, particularly with wind, 
it is doubtful whether sufficient current can be used to 
give an appreciable rise. This method of heating a 
conductor rail can only be made use of when electric 
trains are not running, and unless the temperature of the 
air happens to be only slightly below freezing point it is 
probable that a film of ice would have again formed 
on the rail before the train service was started up. 
The method has not been proceeded with further by 
the Underground Railways, although some considera- 
tion was given to superimposing alternating currents on 
the rails whilst trains are running. 


(2) Steel strip brushes fitted to service trains are put 
into action when required and during traffic 
hours. 

(3) Permanent-way section men are provided with 
ice scrapers for hand-scraping the rail. 

(4) Long trains are run in place of short ones so that 
with the larger number of shoes there is greater 
likelihood of contact being maintained. 

(b) Locomotives are fitted with brushes and are run 
on the outside section of the District Railway 
during non-traffic hours. 


There is greater difficulty in dealing with the situa- 
tion with Tube trains on account of their having no 
bus lines throughout the train, the shoes of the motor- 
cars therefore not being interconnected. 
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EFFECT OF ARCS. 


The use of electricity for traction brought to light 
certain features which proved of greater importance 
than was at first realized. Experience has shown, for 


instance, the need of exercising particular care with - 


regard to the effect on the strength of materials of a 
burn from an accidental electric arc. On a steel rail 
the effect of an arc is practically the same as that of a 
nick, the burnt rail being easily fractured by a blow or 
similar shock. 

With regard to this effect on rails, an investigation 
was carried out some few years ago. A number of 
pieces were cut from the same length of rail and in 
each case one piece was tested untreated and the other 
pieces were electrically burned and tested in various 
ways. The tests are summarized in Appendix VI and 
the results show that :— 


(1) The strength of a rail to withstand impact, 
when the metal burnt was in tension, was very 
much reduced. 

(2) With the burn in compression little or no 
diminution of strength occurred. 

(3) The effect of a burn was very similar to that of a 
nick. 

(4) Annealing after an electric burn showed a tendency 
to restore the strength, but only to a very 
limited extent. 


Test-bars cut out of a rail and tested in a Buckton 

machine as beams confirmed conclusion (2) by the 
stress-strain diagrams, and as regards conclusion (1) 
these tests pointed to the ultimate or breaking load 
being brought down to a figure only slightly exceeding 
the yield point or limit of elasticity. When the burn 
is in tension there is therefore a great reduction of 
strength to withstand impact, as compared with a 
gradually applied load. 
. It is generally recognized that effects such as are 
under consideration are more pronounced in high- 
carbon steel than in mild steel. This is illustrated in 
the tests summarized in Appendix III. Tests were 
also carried out on track rails of varying hardness, 
but within ordinary ranges the result from a practical 
point of view can be taken to be the same. 

It is the practice on the Underground Railways, 
when signs of electric burning on a track rail are found, to 
have the rail replaced. A similar rule is adopted with 
regard to axles on rolling stock. 


HIGH-TENSION CABLES. 


In the section dealing with the adoption of the 
insulated return for the electrification of the District 
Railway, reference was made to such a system lessening 
the liability of interference with outside interests. The 
adoption of the insulated return has undoubtedly also 
reduced the likelihood of injury to cables, in particular 
those in the railway tunnels. Breakdowns on the 
high-tension cables have been very few and, in the 
majority of cases, have been caused by mechanical 
damage rather than by an internal electrical break- 
down or damage to the lead covering by electrolysis. 
Some of the cases of failure have been due to men 
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engaged on new works or alterations inadvertently 
driving a wedge or pick into the high-tension cable. 
No case has occurred where the man responsible for 
causing the damage has received any injury, the instru- 
ment causing the damage in all cases providing a good 
connection with the lead sheathing. No system of 
marking on the site the presence of '' Underground ” 
cables has been adopted, reliance being placed on the 
rule that before any work of opening up is undertaken 
the staff responsible for the high-tension and low- 
tension cables are to be consulted. 

The high-tension cables for the District Railway 
tunnels were originally laid in sheet-steel troughs 12 ft. 
long, these being supported at each end on cast-iron 
brackets fixed to the tunnel walls. The mechanical 
protection afforded by the thin ($ in) sheet-steel 
trough was not thought to be of very real practical 
value. Its maintenance with the several small attach- 
ments was expensive ; in fact it appeared to be cheaper 
to let the troughing deteriorate until entire removal 
was necessary, rather than attempt to take it down 
periodically, paint it and replace it. It was decided, 
with the concurrence of the Board of Trade, to take 
down this troughing entirely and to put up two addi- 
tional intermediate supports, providing a bracket 
support every 4 ft. Some of this troughing has now 
been replaced with these supports for a period of 
10 years, and no ill-effects of supporting an old 
unarmoured high-tension cable at 4 ft. centres has been 
experienced. 

In the open sections unarmoured lead-covered cables 
were originally laid in earthenware ducts a few feet in 
the ground, the ducts being surrounded with concrete. 
Some defects have taken place due to subsidence of 
these ducts, as well as from electrolysis in wet places 
and from the presence of impure water. Cable on 
posts is free from the effects just referred to and capable 
of ready inspection and maintenance; it is also con- 
venient for addition and diversion. The cost of 
armoured cable run on posts has been found to be in most 
cases about equal to that of unarmoured cable in ducts. 

Cables in ducts have in several cases had to be removed 
and erected on posts, due to subsidence or other fault. 
In being unarmoured these cables do not accord with 
the general practice on railways, but our experience, 
extending over a number of years, does not show any 
il-effect. It is our practice on outlying sections to 
run all new cable armoured, but this additional expendi- 
ture (about 20 per cent) is not considered to be justified 
where the cables are to some extent protected and free 
from trespass. 

Cables over bridges were originally carried in 4 in. 
wrought-iron pipes, no special steps being taken either 
to earth the lead covering of these cables or to insulate 
them from metallic structures. Some replacement of 
the cables has been necessary on account of cracks in 
the lead sheathing caused by vibration. The pipes 
are gradually being taken out and where the cable is 
serviceable it is supported on raw-hide hangers provided 
at about 3 ft. spacing. Where the cable is defective 
single-layer wire-armoured cable (hessian-taped both 
inside and outside the armour) supported on brackets 
4 ft. apart is being used. Similar injury to the lead 
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covering of unarmoured cables has also been found on 
-viaducts where the cables have been carried on hangers 
on the parapet walls; this also was evidently caused by 
vibration. Some relief was found by putting felt pads 
between the cable brackets and lead. 

On the Tube railways the high-tension cables are 
not armoured, but are supported from the iron tunnel 
lining on cast-iron brackets at 3 ft. 4 in. centres. On 
the railways where the insulated return bas been 
adopted, no bonding either of the cables to the tunnel 
iron, or of tunnel iron to tunnel iron to make it con- 
tinuous, has been carried out, and no steps have been 
taken to keep the lead separate from the tunnel lining 
by: means of insulation. Speaking generally, some 
slight fusing of the lead covering has occurred on these 
lines due to its carrying currents at times of heavy 
short-circuit, though this fusing has not been of such a 
nature as to cause failure of a cable or its replacement. 

On the lines where earthed return is in use, bonding 
has been provided at cross-overs and at other places 
where the tunnel lining is not continouus, but no 
bonding of cables either to the lining or to one another 
has been carried out. On these lines some pitting of 


lead has taken place and greater attention had to be 


given to bonding to overcome this injurious action. 

The lead coverings of all high-tension cables coming 
into the power house are bonded together and earthed, 
the earth being formed by the main turbine condensers. 
At all manholes where a feeder leaves a group the 
lead coverings are bonded together; they are also 
bonded at all substations. 

Insulation tests are carried out on all cables which 
for any reason have been worked upon, but experience 
shows that there is little value to be derived from 
carrying out these tests as a matter of regular routine. 
Exposed cables—those on brackets or posts and in 
manholes—are subject to periodical inspection, at 
the present time every four months. These inspec- 
tions, however, do not relate to the armoured cable, but 
are particularly directed to detecting whether there 
are any cracks, pinholes, or signs of pitting in the lead 
covering; and where in any case there is reason to 
suspect leakage current, tests are made to detect 
whether current is flowing in the lead covering. In 
the early stages of the working a number of such cases 
were found and were dealt with by various methods, 
such as the removal of the cables from the ground to 
adjacent walls, the introduction of an insulated gap in 
the lead, or additional bonding. 


MAINTENANCE WORK. 


- Maintenance work on the conductor rails, so far as 
the tunnel sections are concerned, is necessarily carried 
out in non-traffic hours, but on the outside sections 
the routine work is carried out in the day time. The 
conductor rails and insulators were for some years 
under the charge of the electrical staff but are now 
looked after by the permanent-way section men, the 
work of the electrical department being limited to 
maintaining the bonds and cables. As every section 
length is patrolled daily by the permanent-way men, 
the visits of the electrical staff are infrequent, their 
attention being called by the permanent-way men to 


electrical defects. . The routine visit of the electrical 
staff takes place about every three months in the 
tunnels and two months on the outside sections; and, 
as already mentioned, periodical tests of insulation and 
conductivity are carried out. There are comparatively 
few failures on the electrical equipment of track, but 
with the very frequent train service prompt attention 
is very necessary ; call men are stationed at certain 
points where, with one exception, they also do ordinary 
maintenance work. At one central depot there are 
three shifts to allow call men to be available at all 
times, but at other depots only one or two shifts are 
worked to cover the busy hours. 

These maintenance and call depots are provided with 
all necessary tools, cables, fittings and instruments for 
testing out and making temporary connection in regard 
to current supply. The company's breakdown arrange- 
ments provide in the Engineering Department for a 
heavy motor lorry and two light motor vans fully 
equipped with the necessary tools and material for 
dealing with all classes of breakdown. The equipment 
is kept at Lille Bridge depot. A breakdown gang is 
always on duty and can be supplemented at short 
notice by men in the neighbourhood. False calls are 
made to check the efficiency of these arrangements, and 
a record is kept of the actual turn-out times of the 
lorries; they leave the yard within a few minutes of 
the call being received. 

At points where substation feeder cables are connected 
to the rails, short jumper cables are kept, with the 
necessary means for quick attachment to the conductor 
rails should a failure occur with the cables as between 
thesubstation and the conductorrails. Every endeavour 
has been made to avoid switching arrangements outside 
the substations. It has, however, been found necessary 
to provide isolating switches or links at each cross-over 
road so that a defective section of the track or section 
containing a defective train can be cut out and the 
fullest use made of the roads under the circumstances. 
These isolating switches are placed as shown in Fig. 14, 
and provide for the cross-over being used in either 
direction. They are only operated when current is 
off. These switches are of special design, a cam being 
operated after closing so as to tighten the contact. 
They are operated by means of a pole. 

These links were originally installed on the Tube 
railways on the side of the tunnel, and on outside 
sections on posts alongside the track. Recently, how- 
ever, these switches have been put directly on to the 
conductor rail, and usually in the form of a link which 
can be entirely removed, rather than hinged at one 
end. Such an arrangement undoubtedly has the 
advantage of simplicity and of being less costly. 


SPECIAL INSTRUMENTS. 


There are two special items of electrical equipment 
installed on the track to which reference should be 
made. They are to some extent particular to Tube 
Railway speed restrictions, but the future will probably 
reveal a wider sphere of application. 

The first is a machine (speed recorder) to record the 
speed of all trains passing over some predetermined 
point, and is used to check the proper observance of 
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speed restrictions. It will be realized that it is more 
difficult to check speeds in tunnels, and in particular 
Tube tunnels, than on outside sections. The speed 
recorder can be fitted up for use at any place. 

The second is a machine (speed indicator) to show a 
motorman the actual speed at which his train is 
travelling over a particular place just in the rear of 
where the indicator has been installed. For main-line 
trains on the Continent the use of speed indicators is 
fairly general, their installation on locomotives being 
compulsory in some countries. So far as the Under- 
ground lines are concerned, the supply of speed instru- 
ments at all driving points did not appear feasible 
owing to the large number required, nearly half the 
cars being motor-cars and a large number of the trailer 
cars also being equipped for driving. 

Speed recorder.—This instrument provides a record 
from which the speeds can be read with the aid of a 
scale, the results being compared with the speed per- 
mitted on the portion of the line in question. The 
drivers concerned have to give an explanation of any 
excessive speeds. 

The action of the apparatus is as follows: Two pairs 
of electric contacts are clamped to the track rail about 


allowing for other companies’ trains passing over the 
lines, does not exceed 4 of 1 per cent either way. 

Speed indicator.—This instrument consists essentially 
of a disc timing-device which is electrically released to 
rotate during the passage of a train over a measured 
section. The disc is pierced near the edge with 
numbers in decreasing order, and when the disc stops, 
as the train leaves the measured section, a lamp lights 
up and, by means of a small optical lantern arrange- 
ment, shows on a board an image of the number to 
which the disc has rotated and which naturally corre- 
sponds to the speed over the section. The measured 
section is about 180 ft. long, the indicator being placed 
about 200 ft. beyond this section. The rotation of the 
disc is carried out by a gravity arrangement assisted 
by a spring in order to increase the initial speed and 
thus allow of the numbers being evenly spaced round 
the dics. The rotation of the disc is controlled by the 
damping effect of the electric currents generated in it 
by its rotation between suitably placed magnets. The 
disc is returned to normal by a simple electric motor 
device. 

Both the devices are worked from ordinary accumu- 
lators and, being portable, are frequently moved from 


Fic. 14.—Standard position of section switches on cross-over. 


50 ft. apart at the point where the speeds are to be 
recorded, and are operated by the passage of the train. 
The first contact starts up the pointer of the recording 
instrument, and the second causes marks to be made on 
the chart as the train wheels pass. The record is 
made on a paper strip 6 in. wide driven at 6 in. per 
hour by mechanism which also moves the timing 
pointer, this timing pointer consisting of an arm passing 
across the paper once for each train recorded. Some 
difficulty was found in getting a mechanism for driving 
the recording device at a sufficiently constant speed, 
mainly owing to the intermittency, as it only comes 
into operation during the passage of the train. This 
difficulty was overcome by using a small electric motor 
to drive the recording arm, the motor being constructed 
to run in synchronism with an electrically-driven 
tuning-fork; the arrangement is accurate to about 
4 minute in 24 hours. As the recording arm moves 
over the paper a mark is made at the passage of each 
wheel over the contact already referred to. Difficulty 
was also found in getting a marking device sufficiently 
rapid to give a well-defined record, and finally a high- 
tension electric spark was adopted to puncture the 
record paper. To read these marks accurately, separate 
scales are required for cars of varying wheel bases, but 
so far as the Underground is concerned the maximum 
error introduced by the use of only one scale, and 


place to place; in fact the recorder instrument is 
generally moved after 24 hours on a section. 

The use of these two instruments has resulted in a 
much better observance of speed restrictions. 


CONCLUSIONS. 


The practice of the Underground Railways and the 
conclusions arrived at, so far as matters dealt with in 
this paper are concerned, can be summarized as follows :— 

(1) The insulated return is more complicated in 
operation than the earthed return, as it requires special 
arrangements to prevent fusing and rises of potential. 
It is very unlikely that any electrification in the future, 
except the extension of existing systems, will employ 
the insulated return. 

(2) Special attention should be given to obtaining 
good conductivity in conductor rails, both by suitable 
chemical composition as well as by favourable methods 
of manufacture. 

(3) The flat-bottom rail section best meets the several 
requirements of a conductor rail. Old bull-head rails 
are suitable for use as conductor rails in sidings. 

(4) The conductivity of conductor rails should be so 
maintained as to give 95 per cent of that of the con- 
tinuous rail. 

(b) Protection against accidental contact with con- 
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ductor rails is only necessary at certain places, and one 
outside plank is sufficient. 

(6) The anchoring of conductor rails in order to 
prevent displacement of the rails and straining of 
jumper cables can be satisfactorily carried out by the 
use of strain insulators, together with proper attention 
to the rail joints. 

(7) Track jumper cables without lead covering 
should be laid in wooden troughing on the top of the 
sleepers. Stainless steel set-screws are preferable to 
gunmetal set-screws for attaching these cables to the 
rails. 

(8) The loss in weight of conductor rails varies from 
0-2 to 1-2 lb. per yard per annum due to the several 
causes referred to. The painting of conductor rails to 
prevent corrosion is not justified. 

(9) There is need for an insulator made of a material 
giving a smooth surface and sufficiently robust to 
dispense with a metal cap. The cleaning of insulators 
is Only justified in exceptional cases. 

(10) Satisfactory methods for avoiding interference 
from ice on the conductor rails have not yet been 
obtained. Steel-strip brushes fitted to motor bogies at 
present give the best results. 

(11) It is desirable in the interests of safety to change 
track rails or axles which have been affected by electric 
burns. 

(12) High-tension cables should be exposed to view 
as far as possible, and need only be armoured where 
subject to damage. | 

(13) Local track-switching and all connections to 
conductor rails should be kept strictly to a minimum. 


APPENDIX I. 


CENTRAL LONDON RAILWAY: VIBRATION TROUBLES 
ON OPENING OF LINE. 


A Board of Trade Committee was set up as a result 
of the numerous complaints of serious vibration to 
property caused by the Central London Railway, the 
Committee being composed of Lord Rayleigh, F.R.S. 
(Chairman), Sir J. Wolfe-Barry, F.R.S., and Prof. 
J. A. Ewing, F.R.S. Observations lasting over a whole 
day were conducted by Mr. A. Mallock, with the 
assistance of 10 or 12 observers, and as a result the 
following conclusions were reached :— 


(a) It was a matter of chance whether a given train 
caused a light or severe vibration. 

(b) Trains causing severe vibration in one house 
were as likely as not to cause only a slight 
vibration in others. 

(c) Different rooms in the same house were not 
similarly affected by the same train. 


In the Report it was stated that the adoption in the 
first place of a stiffer (or deeper) rail would have reduced 
the trouble; the cause of the vibration was the weight 
of the four locomotive axles, which was not spring- 
borne and amounted to 32 tons. The track being on 
longitudinal timbers could not be said to be less rigid 
in parts than others, except possibly at the joints, and 
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observations showed that the trouble did not originate 
at the joints. 

A balanced load with a truly circular wheel and 
running on a smooth straight rail could not cause 
vibration. The load on the locomotives in question 
was undoubtedly balanced and the wheels practically 
circular; the trouble, therefore, appeared to be in the 
rails. It was concluded that when the rails were 
rolled they were naturally more or less curved, and 
when straightened at the mill sufficient waviness was 
introduced to set up vibration of the road bed with 
the passage of a locomotive, it being pointed out that 
this conclusion was supported by the fact that with 
trains running at different speeds the frequency of the 
chief oscillation was constant. In August 1901, a 
specially constructed geared locomotive train and also 
a multiple-unit train were available for experiments. 
These trains had the following characteristics :— 


Axle weight 
Train weight 
Sprung | Un-sprung 
tons tons tons 
Gearless 44 3 8 
Gegred 33 5:75 2-5 
Multiple unit 20 — — 
Motor axle — 4-75 1-75 
Trailer axle — 2-4 1:1 
Trailer coach 14 2.4 1:1 


The vibration resulting from the use of these various 
types of trains was observed and the geared type was 
found to cause less than one-third, and the multiple 
unit less than one-fifth, of that caused by the ordinary 
locomotive trains. 

Special observations were taken at houses where 
serious vibration had occurred. At 13 Hyde Park 
Terrace it was found that only the passage of the old- 
type locomotive was noticeable, and at 4A Marlborough 
Gate vibration from the old locomotive trains was 
intense; the geared locomotive was only slightly 
noticeable and the passage of the multiple-unit trains 
could not be detected. 

As a result of their investigation the Committee 
recommended that the substitution of the old-type 
locomotives would be sufficient and there would then 
be no necessity to make any change in the rails. The 
use of a stiffer rail on all new Tubes was recommended. 

The substitution of multiple-unit trains tor the 
locomotive-hauled ones commenced in 1903. 


APPENDIX II. 
EXTRACTS FROM ACTS OF PARLIAMENT. 


Metropolitan District Railway. 
1897 Act. 


(87) The following provisions shall apply to the 
use of electric power under this Act unless such power 
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is entirely contained in and carried along with the 
carriages :— 

(1) The Company shall employ either insulated 
returns or uninsulated metallic returns of low 
resistance. 

(2) The Company shall take ail reasonable pre- 
cautions in constructing placing and main- 
taining their electric lines and circuits and 
other works of all descriptions and also in 
working their undertaking so as not injuriously 
to affect by fusion or electrolytic action any gas 
or water pipes or other metallic pipes structures 
or substances. 

(3) The powers by this Act conferred with respect to 
the use of electric power shall be exercised 
only in accordance with regulations to -be 
prescribed by the Board of Trade hereinafter 
referred to as ''the prescribed regulations ” 
with respect to the employment of insulated 
returns or of uninsulated metallic returns of 
low resistance for preventing fusion or injurious 
electrolytic action of or on gas or water pipes 
or other metallic pipes structures or substances 
and for minimizing as far as is reasonably 
practicable injurious interference with the 
electric wires lines and apparatus of other 
parties and the currents therein whether such 
lines do or do not use the earth as a return. 


South Charing Mansion 
Kensington Victoria Cross House 
substation substation substation substation 

oane 
| quare 


‘e 075 


Whitechapel Roa 
substation 
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1900 Act. 


(28) Where any department of Her Majesty's 
Government represents to the Board of Trade that the 
use of electrical power under the Act of 1897 or this 
Act or the Brompton and Piccadilly Circus Railway 
Act 1897 injuriously affects or is likely to injuriously 
affect any instruments or apparatus whether electrical 
or not used in any observatory or laboratory belonging 
to or under the control of that department the Board 
of Trade after such inspection or inquiry as they may 
think proper may by their regulations require the 
Company to use such reasonable and proper precautions 
including insulated returns as the Board of Trade may 
deem necessary for the prevention of such injurious 
affection. For the purposes of this section any 
Inspector of the Board of Trade may during his inspec- 
tion of the Company’s works and apparatus be accom- 
panied by any person or persons appointed in that 
behalf by the Government department concerned and 
the Company shall give all due facilities for the inspec- 
tion. Provided always that in the case of any observa- 
tory or laboratory established after the passing of this 
Act or of any instruments or apparatus hereafter used 
in any existing observatory or laboratory which may 
be of greater delicacy than those used therein at the 
passing of this Act the Board of Trade shall consider 
to what extent if any it is expedient in the interests of 
the public that the powers of this subsection should 
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Fic. 15.—Location of substations. 


(5) The Company shall take all reasonable and 
proper precautions in constructing placing 
and maintaining their electric lines circuits 
and other works of any description and in using 
their electric lines circuits and other works so 
as not injuriously to interfere with the working 
of any wire line or apparatus from time to 
time used for the purpose of transmitting 
electric power or of telegraphic telephonic or 
electric signalling communication or the currents 
in such wire line or apparatus provided always 
that the Company shall be deemed to take all 
such reasonable and proper precautions as 
aforesaid of and so long as they adopt and 
employ at the option of the Company either 
such insulated returns or such uninsulated 

- metallic returns of low resistance and such 
other means of preventing injurious inter- 
ference with the electric wire lines and apparatus 
of other parties and the currents therein as 
the Board of Trade shall direct and in giving 
such directions the Board shall have regard to 
the expense involved and to the effect thereof 
upon the commercial prospects of the under- 
taking. 


be exercised, regard being had to the site of the 
observatory or the purposes of the instruments or 
apparatus as the case may be. 


APPENDIX III. 


DISTRICT RAILWAY. EXTRACTS FROM REPORT BY 
Mr. DuDDELL OF TESTS AT EAST HAM ON 
PRESSURE-RISES CAUSED BY  EARTHING THE 
POSITIVE RAIL AND SHORT - CIRCUITS, (SEPTEM- 
BER 1913 TO OCTOBER 1914.) 


The object of the tests was to determine what pres- 
sure-rises, if any, accompany an earth on the positive 
conductor rail which would account for the faults 
which have been observed on the system after the 
accidental earthing of the positive rail. 

In order to make the tests an oscillograph was con- 
nected between each conductor rail and earth, the con- 
nections being made to the positive and negative 
busbars at the East Ham substation. 

The iron framework of the substation building was 
used as the earth. The resistance of each of the 
oscillograph circuits was 10000 ohms and they thus 
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constituted a leak of this value between each of the © 


conductor rails and earth.* 


First REPORT. 


The sensibility of the oscillograph was adjusted so 
that 1 mm = 60 volts. 

The records ł were made on cinematograph film 
travelling at approximately 6 inches per second. 

Three substations, viz. South Kensington, Victoria 


Curve C (continued) 
— (Positive earthed) 


> Switched 
Test 2 HC OM 
Negativ 
earthe . 


Cable fused. 
Record off 


Test 2 (continued) e s 
probably 3000 to4000V. 


The maximum voltage of the negative conductor to 
earth in this series of tests was generally about 
750 volts and did not exceed 800 volts. 

Test 1.—The positive rail was joined to the track rails 
at Sloane Square. A 7/16 cable was then switched 
between the negative conductor rail and the track at 
Sloane Square, and the 7/16 cable blew. Three sub- 
stations, namely Victoria, South Kensington and East 
Ham, were connected. 


Switch opened ——» Time 


+ T 


e———» Time 


= ——> Time 


1500V, soov 


1500Y 
1500V 


—r» Time 


1500V 


Connection fused 


Fic. 16.—Oscillograph records taken at East Ham in connection with Mr. Duddell’s tests for rise of potential. 


Curve A.—Positive earthed by means of a switch at Sloane Square (no direct negative earth). 

Curve C.—Positive earthed intermittently at Sloane Square (no direct negative earth). 

Test 1.—Positive rail joined to track rail. Negative connected by switch and 7/16 cable to track rail; both at Sloane Square. 

Test 2.— Positive connected to track at Sloane Square. Negative connected to track at East Ham by two 7/22 cables and switch. Caused 


earth on lighting circuit at East Ham depot. 


Test 3.— Positive joined to negative at East Ham by cable fusing at about 1500 amperes. 


lighting circuit, 


and East Ham, each had one rotary connected. The 
positive conductor was earthed at Sloane Square and — 


the records were made at East Ham (see curve “ A ”). 


Curve '" C" is similar except that the earthing at 
Sloane Square was produced by making a sparking 
contact to the positive rail by means of a piece of wire 


connected to the track rails. 


* The substation locations are shown in Fig. 15. t See Fig.16. 


No earth conncction fault developed in 


The record shows that the negative conductor rail 
was at about full voltage above earth, and the positive 
at earth potential just before the switch closed. When 
the switch was closed the voltage on the negative fell 
and on the positive rose. A fraction of a second later 
the conductor fused and the voltage of the negative 
rose to about 1000; the voltage on the positive gave 
a corresponding swing below the zero line. 
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Test 2.—The positive conductor rail was joined to 
the track at Sloane Square; the negative conductor 
rail was joined to the track rails at East Ham in the 
train section with two 7/22 wires. Victoria, South 
Kensington and East Ham substations were on the 
line. The train section was switched in. This caused 
an earth on the lighting circuit at East Ham and 
brought out the lighting circuit breaker. 

The commencement of the records shows the positive 
conductor rail at earth potential and the negative at 
full line voltage above earth. At the moment of 
switching on, the negative dropped slightly in voltage 
and the positive rose. As the resistance of the two 
7/22 wires increased, the negative voltage dropped and 
the positive rose until the cable suddenly fused, causing 
both the spots to shoot right off the film. Following 
this, arcing appears to have taken place, after which 
the conditions settled to normal again. It is impossible 
to say exactly what the maximum voltage obtained 
may have been, but judging from the appearance of the 
lines on the film I should think it could not have been 
less than 3 000 or 4 000 at the moment of the fusing 


Test No, Protection device Maximum voltage 
(1) None 2 880 
(5) None , 3 240 
(3) Aluminium arrestor 2 640 
(4) Aluminium arrestor 2 760 
(6) Condenser 3 600 

(17) None 960 
(18) Aluminium arrestor 1 200 
(19) Condenser 1 200 
(10) None | No rise 
(13) Aluminium arrestor No rise 


of the cable, and it is in the neighbourhood of 1 500 
at the point where the arc went out. 

Test 3.—The positive conductor rail was joined to 
the negative in the train section at East Ham by a 
cable said to fuse at about 1500 amperes. Victoria 
and South Kensington substations were on the line. 
There was no earth connection to either conductor rail 
in this case. The train section was switched in at 
East Ham and the ammeter was observed to rise to 
] 600 amperes, where it remained for a short time, when 
the current went to zero and the lighting breakers 
came out with a bang. A fault developed on the light- 
ing circuit and both fuses were found to have been 
fused. The record shows that, before the switching on, 
the potential of both the conductor rails was normal. 
At the moment of switching on, both conductors were 
brought to earth potential and they remained in the 
neighbourhood of earth potential until the cable fused. 
At this moment the voltage rose to approximately 
1500 volts, an arc formed, with oscillations, and the 
circuit settled down to its normal condition. 

Test 4.—This is a repetition of the last test except 
that the short-circuit between the positive and negative 


| conductor rails was made at Sloane Square by means of 


two 7/22 cables. Two rotaries were connected to the 
busbars at East Ham; no other substations were on 
the line. The fault was switched on by closing the 
switches in Campbell Road substation. The ammeter 
at East Ham showed that the current rose to 
900 amperes, stayed there for a short time and then 
went to zero. The breaker on machine No. 2 came out. 
The conclusion I draw from the above tests is that 
the mere earthing of the positive conductor rail without 
a short-circuit taking place has not produced any high 
voltage-rises. . 
Any short-circuit, however, which takes place and 
is suddenly interrupted leads to very high voltages 
which may cause a number of breakdowns in all 
directions.. It would seem to me, so far as the present 
tests go, that the course of events when failures take 
place is somewhat as follows: The insulation on the 
negative side of the circuit on the rolling stock, having 
been weakened in places by previous faults, fails at the 
kick when the positive is earthed. This failure pro- 
duces a short-circuit which either burns off or causes 


Remarks 


During test No. 10 a fault developed at Ilford sidings and 
limited the voltage-rise in these tests 


Wire fused quietly owing to resistance of the circuit. A 
fault developed at Ilford sidings | 
Wire fused quietly owing to resistance of the circuit 


the circuit breaker to come out, with consequent high 
pressure-rises. These rises develop on both the posi- 
tive and negative rails fresh weak spots ready to break 
down with slight provocation. 


SECOND REPORT. 


These tests were carried out at the East Ham sub- 
station. The arrangements for the tests were similar 
to those on the previous occasion. At the commence- 
ment of the tests one track was in use complete from 
South Kensington to Barking. 

Electrolytic arrestors were installed at the sub- 
stations and could be switched on between positive 
and negative conductor rails when required. Con- 
densers were also installed at three of the substations, 
viz. Whitechapel, Campbell Road and East Ham, 
and could be switched on when required. The con- 
densers consisted of three boxes in parallel in each 
substation, giving a total capacity of about 3-75LF 
per substation. 

The oscillograph was connected as before between 
each of the conductor rails and earth so as to record 
simultaneously the potential difference between each 
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rail and earth. The resistance of each of these circuits 
was 10000 ohms. The oscillograph was adjusted to 
have a sensibility of 1 mm = 120 volts. 

The speed of the film was approximately 6 in. per 
second. ` 

Maximum voltages obtained on tests. Two substations 
(Victoria and South Kensington) feeding. — In these 
tests the substation connections and method of switch- 
ing on were the same, namely, the positive conductor 
rail connected to track rail at Sloane Square and the 
negative conductor rail switched on to track rail at 
East Ham by two 7/22 cables (see table on page 411). 

Three substations (East Ham, Victoria and South 
Kensington) feeding.—Positive conductor rail earthed 
to track at Sloane Square, negative conductor rail 
switched on to track at East Ham through two 
7[22 cables. 


Test No, Protection device Maximum voltage 
(9) None i 840 
(8) Aluminium arrestor ] 200 
(7) Condenser 960 
(11) None — 
(16) None No appreciable rise 
(14) Aluminium arrestor 840 
(15) Condenser 960 


The general conclusions which can be drawn from 
the above tests are that whenever a large current 
flowing along a considerable length either of conductor 
rail or of track is suddenly interrupted, a considerable 
rise in pressure takes place, a rise of a magnitude which 
may quite well damage the insulation of the system. 
The effect of the condensers and arrestors in preventing 
this rise appears to have been practically nil. It is of 
interest to note that during the time that there was a 
fault in the sidings near East Ham this fault appears 
to have acted as a very efficient limiting device which 
prevented the potential-rise from taking place. 

With regard to using condensers as protective appa- 
ratus to limit the pressure-rise, even if it were com- 
mercially possible to employ the very large condensers 
necessary I should have very grave doubts in recom- 
mending them in view of the possibility of dangerous 
oscillations taking place between them, and the self- 
induction at the time of an arcing fault taking place. 

With regard to limiting devices of the aluminium 
arrestor type, there seems no reason why these should 
not be made to discharge at a voltage but little above 
the working voltage, but the difficulty here seems to be 
to make the arrestors take sufficient current to prevent 
the potential difference from continuing to rise when 
the arrestor has started to discharge. 

It is quite easy to see that the dissipation of energy 
must be considerable. From the curves it appears 
that the potential-rise is very rapid, something like 
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1/100th of a second. When the bulk of the energy of 
the pressure-rise is absorbed the reduction must be 
made gently so as not to produce a new pressure-rise 
by suddenly suppressing the current. I doubt very 
much whether any device so far designed really 
possesses in the required degree these essential properties. 

If a fault on the positive conductor rail is an arcing 
fault it might possibly ''snap out” before it brings 
out the breakers, in which case the risk of a rise in 
pressure will be the same as at present. On the other 
hand the fault may be practically a dead short-circuit. 
In this case the breakers on each side of the fault will 
have to open a very large current. Whether this will 
produce a rise or not depends to a large extent on the 
breakers themselves. 

It is to be noted that the pressure-rises will be due 
to the energy stored in the self-induction of a length 


Remarks 


Cable did not fuse. Rotary flashed over 

Rotary flashed over and cable fused. Circuit breaker 
came out 

Rotary flashed over and cable fused.. Circuit breaker 
came out 

Rotary flashed over and cable fused. Circuit breaker 
came out 


of track and the rotaries. The length of track involved 
will depend on the relative positions of the negative 
earth and of the positive fault. 


THiRD REPORT. 


Electrolytic arrestors were installed at East Ham, 
Campbell Road and Whitechapel substations, and 
could be connected up as required. The oscillograph 
was connected as in previous tests. 

In each of the tests when the short-circuit was made, 
the two conductor rails at once were reduced to earth 
potential and nothing of interest was recorded on the 
film until the short-circuiting cable fused. 

Maximum voltages obtained on tests—itwo substations 
(Victoria and South Kensington) feeding.—Positive 
conductor rail connected to track rail at Sloane Square. 
Negative conductor rail switched on to track rail 
through two 7/22 cables at East Ham (see table on next 


page). 
GENERAL REMARKS. 


The weather conditions during the tests were rather 
damp, as rain had been falling during the day, though 
it was not actually raining at the time of the tests. 

It was noticed that very few of the short-circuits 
made as much noise as in previous tests. In fact, 
during the tests the short-circuits seemed to burn out 
so quietly that I was doubtful whether any rise had 
taken place. 
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The important rises observed are in tests 1 (a), 1 (c), 
and 4(a). In the first and last of these no dischargers 
were connected, and in 1 (c) dischargers were connected 


only at Campbell Road and Whitechapel. In all, five 
Test No. Protective device ceres | Remarks 
First series. 
1 (a) None 3 480 
1 (b) 1 080 
1 (c) 3600 | Discharge at Camp- 
With various bell Road and 
arrangements Whitechapel only 
1 (d) of dischargers 1 320 
1 (e) 960 
1 (f) 1176 
Second series. 
4 (a) 3 480 
4 (b) 1 680 
4 (c) Pone 1 260 
3 (c) 1 200 
3(a) |] arrangements || 2820 
3 (b) of dischargers 088 


tests were taken without dischargers with the short- 
circuit to the rail: of these five, two gave bad rises. 
Under similar conditions, with the dischargers con- 


Substation A 


Charegin 
_A resistant 


60-volt supply 


—. —»— 
phone wires in tunnel 
Section AtoB 


Weight 


were tried appear to have had so little effect on the 
results that it seems to me to be impossible to draw 
any definite conclusions. 


APPENDIX IV. 


APPARATUS FOR AUTOMATICALLY SWITCHING OFF 
TRACTION CURRENT FROM THE RAILS. 


The general arrangement of the apparatus is shown 
in Fig. 17. In the substation a 24-volt battery 
normally floats in series with a charging resistance on 
the 60-volt main. This battery energizes continuously 
the tunnel line circuits through a 1 000-ohm resistance. 
In the substations across each end of the tunnel line is 
a 1000-ohm relay, and the energizing current of the 
tunnel lines passes through the relays and holds the 
contact closed. The high resistance of these relays 
ensures that even if the tunnel lines are connected 
together through a contact of fairly high resistance, 
the relays placed in the substation will become suffi- 
ciently shunted to drop. The dropping of a relay 
closes a circuit releasing a weight which, falling on a 
cord attached to the triggers of the circuit breaker 
protecting the track section in question, opens the 
circuit breaker and cuts current off the track. At the 
same time the telephone bell is rung, and signs showing 
the section or sections affected are illuminated. A 
further warning is given audibly by an electric horn. 

The tunnel line relays are reset by the substation 
operator closing a push to short-circuit a portion of the 
feed resistance. 
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Fic. 17.—Apparatus for taking off traction current in emergency. 


nected in various ways, seven tests were taken, only 
one of which, viz. 1 (c), gave the high rise; and in 
this case there was no discharger at East Ham. The 
basis is rather a slizht one to argue upon, but it appears 
as if the dischargers have tended to limit the potential- 
rises. 

The various arrangements of the dischargers which 


EXPERIMENTAL 


APPENDIX V. 


HEATING OF CONDUCTOR’ RAILS 
BETWEEN ACTON TOWN AND HouNsLow EAST. 


In all the tests the current was supplied from Acton 


Town substation at 600 volts. The weather was clear 
and calm. 
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First test. —The conductor rails of both roads between | . Third test.—The conductor rails of the up road only 
Acton Town and Hounslow East were connected in | between Acton Town and Hounslow West were con- 
series, giving a total length of circuit of 16-8 miles. | nected in series, giving a total length of circuit of 
The current varied from 1100 to 1125 amperes and | 13-38 miles, the current being 1500 amperes. The 
the results are shown graphically in Fig. 18 (a). results are shown graphically in Fig. 18 (c). 
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Fic. 18.—Heating of conductor rails. 


Second test.—The conductor rails of the down road Fourth test.—The conductor rails of the down road 
only of the first test were connected in series, giving a | only between Acton Town and Hounslow Central were 
total length of circuit of 8:4 miles. The current was | connected in series, giving a total length of circuit of 
2 250 amperes and the results are shown graphically in | 11:76 miles, the current being 2000 amperes. The 
Fig. 18 (5). results are shown graphically in Fig. 18 (D). 


APPENDIX VI. 
ELECTRIC BURNS ON Rairs. 


Summary of Tup Tests on Stcel Rails. One-Ton Tup; Supports 3 ft. 6 1n. apart. 


Nature of test . Average result under tup Remarks 


95-Ib. and 86-lb. bull-head track rail ; carbon 0-45 to 0-7 per cent. 


Electrically burnt on base of rails and tested | Broke at first blow: drops varied | One rail resisted 2 ft. 6 in. drop 
with burn in tension, i.e. head up from 2 ft. 6 in. to 7 ft. 0 in. but failed at 5 ft. 

Electrically burnt on top of rails and tested | Little reduction in strength : with- | Little reduction (if any) from 
with burn in compression, i.e. head up stood 15 ft.drop without fracture untreated rail 

Rails nicked or saw-cut and tested with nick | All broke first blow 7 ft. drop 
in tension 


100-/b. flat-bottom current rail ; carbon 0-05 to 0-08 per cent. 


Soft-steel current rails electrically burnt on | Withstood 20 ft. drop without 
head and tested head-up with burn in fracture 
compression 

Soft-steel current rails electrically burnt on | All withstood 7 ft. blow but failed 
head and tested head-down with burn in at 15 ft. 
tension 
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DISCUSSION BEFORE THE INSTITUTION, 6 JANUARY, 1927. 


Mr. Roger T. Smith : In a paper of this description, 
even if it deals merely with the electrical track equip- 
ment of some 200 miles of single line, it is only possible 
to give the salient facts and the deductions to be drawn 
from those facts. The history of the adoption of 
600 volts direct current after the Lyttleton Award is 
quite adequate, and it is important, I think, to have 
it on record. With regard to the third and fourth 
rails and their cost as compared with the cost of an 
uninsulated return using the track rails, it is necessary, 
when the track is used for automatic signalling, that 
an alternating track circuiting current should be super- 
posed on the direct traction current flowing in the 
return track rails, and this entails the use of impedance 
bonds. The author has shown that if these impedance 
bonds are as frequent as 9 per mile, i.e. 9 signalling 
sections per mile, the cost of the two systems is the 
same. Appendix II gives the Admiralty clause, which 
was inserted in many early railway electrification Bills, 
insisting on the fourth rail within a certain radius of 
Greenwich Observatory. Now that all controversy on 
that matter is over it is perhaps rather amusing to 
record the fact that the magnetometer experiments at 
Greenwich for determining the daily variation of the 
horizontal and vertical component of the earth's 
magnetism were not officially a part of the business of 
the Admiralty. The daily records were most useful 
and important but officially the Admiralty clause was 
not justified. When the Southern Railway electrifica- 
tion came quite close to Greenwich it was properly 
decided to remove the magnetometer to the wilds of 
Kent to a position where it was considered that no 
railway would ever come. The description of the 
contact-rail equipment and its troubles is very concise. 
Among the items in this description, the statement that 
all jumper cables connecting gaps in contact rails 
should be kept above the surface of the ground and 
not buried will, I think, meet with the approval of 
most railway engineers. Most, if not all, railway 
engineers and electrical engineers who run communica- 
tion circuits, power wires and electric lighting wires 
have found how much better it is to put cables on 
the surface of the ground and enclose them in wooden 
troughing, with covers about 24 in. thick, so that a 
pick cannot go through them easily. Cables are then 
not injured by the workers on the line. In my view 
the best way of carrying cables across a railway is to 
put them on the metalling in these troughs, but it can 
obviously only be done with cables that are maintained 
by the railway. The Underground Railways have 
taken advantage of their unique opportunity of measur- 
ing the loss, firstly, by abrasion only from contact 
rails in dry tunnels, and secondly by abrasion and 
corrosion in the open, and the conclusions arrived at, 
that it pays neither to paint the conductor rails nor to 
clean insulators, will, I think, be echoed by other 
electrical engineers. As a criticism, I think it is a pity 
that no illustration is given of the way in which the 
insulators are fixed to the sleepers, and I suggest that 
when the paper is published in the Journal it would 


be an advantage if this were included. The experience 
of the Underground Railways with the cable troughing 
on the walls of the tunnels and of the embankment is 
interesting, and the fact that they have now put nearly 
all of them on brackets finds an equally large application 
in railways in the open. Security and ease of mainten- 
ance are probably more important from the railway 
point of view than anything else, so far as the transmis- 
sion and distribution cables are concerned. I think it 
is now generally agreed that it is preferable to have 
the cables above ground supported on brackets fixed 
either to walls or to posts, than buried in the ground. 
It must not be forgotten, however, that this will have 
the effect of reducing by some 12-15 per cent the 
current-carrying capacity as compared with burying. 
Finally, arising out of the Underground Railways’ 
choice of 600 volts direct current for the electrification 
of the track, comes the question of the standard voltage 
for main-line electrification. The ideal conditions for a 
suburban or urban railway are that two tracks should 
be provided for that use only. The Underground 
Railways fulfil those conditions completely. In the 
neighbourhood of London, however, suburban electrifi- 
cation exists in which quite considerable lengths of 
main line are electrified at 600 or 650 volts, and if 
main-line electrification is ever to come in this country, 
unless it is considered possible (and, of course, it means 
increased expense) to carry overhead wires at 1 500 
or 3 000 volts in addition to the contact rails, the efforts 
that were made five years ago to secure a standard for 
this country for main-line electrification which should 
allow locomotives to run anywhere, will have been of 
no avail. 

Sir John Aspinall: I was much interested in 
reading, towards the end of the paper, the Report of 
a Committee set up shortly after the Central London 
Railway was first opened, in connection with the 
vibration and consequent damage to buildings under 
which the railway ran. It reminded me of the fact 
that Sir Henry Oakley, who was the Chairman of the 
Railway, had asked me, with a number of others, to 
go over the line previous to the opening day and then 
to go to the carriage sheds where the rolling stock was 
stored. Sir Benjamin Baker, the engineer of the line, 
was present, and I was shown the rolling stock and the 
locomotives which were to be used. The moment I 
saw them I said to Sir Henry Oakley: '' These loco- 
motives have no springs; they will give you a great 
deal of trouble." *''Oh," he said, “ that has been 
done on purpose." I said: “ You will have most 
intense vibration, because whilst the wheels may be 
circles to-day they will not be circles to-morrow. The 
application of the brakes to these small wheels will very 
often pick them up; they will get a number of flat spots 
upon them, and they will become polygons instead of 
circles." Sir Benjamin Baker was intensely indignant 
with me. He said: “ Why, this line is not like one of 
your main-line railways out in the country; it is like 
a billiard table; and the rolling stock will roll along 
it just as a billiard ball rolls on a billiard table." I 
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replied: ‘‘ Sir Benjamin, I am afraid they will give 
you a great deal of trouble," and they did. The 
Committee laid the blame upon two things, first, the 
unsprung character of the locomotives, and, second, 
the rails. They seem to have come to the conclusion 
that the rails caused the vibration because of some 
minute inequalities on the surface, or something of that 
kind. I believe, however, that the rails had nothing 
whatever to do with it, and I think it is perhaps 
fortunate that that Report has been buried for so 
many years. On page 398 the author speaks of the 
effect of vibration in accelerating corrosion. I am not 
quite certain what he means. I always held that the 
reason why the third rail did not corrode as rapidly 
as the fourth rail—that is in the case of railways in 
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Fic. A.—" Aspinall” third rail and guard as used on the 
Manchester and Bury line of the Lancashire and York- 
shire (now the London, Midland and Scottish! Railway 
for 1 200-volt working. 


which there is no shoe on the fourth rail—was the fact 
that the vibration caused by the shoe running over 
the third rail threw off the moisture, and therefore 
reduced the corrosion on that rail. The fourth rail on 
the Liverpool and Southport Railway used to corrode 
more rapidly than the third rail. It was simply a rail 
laid in the centre of the track with nothing to cause 
any vibration, and in a certain sense it was like the 
track rails which are sometimes piled on one side of 
railways for ordinary repairs. Those rails corroded 
with great rapidity, and that is why engineers nowadays 
paint them in order to preserve them. As compared 
with the track rails they wear out much more rapidly, 
due to corrosion, and I am sure that the vibration of 
the track rails due to the trains running over them 
preserved them from a certain amount of corrosion. 
As to snow and frost, in the north the weather is rather 
more severe than it is in the south. As a rule we got 
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over the difficulties on the Liverpool and Southport 
line by running out in the early morning a baggage car 
fitted with scrapers for scraping the snow or ice off 
the rails, and on the whole we had very little trouble. 
On the Manchester, Bury and Holcomb Brook Railway 
we had another form of rail with a side contact (see 
Fig. A). When we determined to electrify that railway 
I thought it was desirable to use 1 200 volts rather than 
600 volts, and for that reason it was necessary to 
protect the conductor rail rather more carefully so 
that nobody should get hurt; and by having the shoes 
made to go up against the side of the rail we were 
able to get protection on both sides of it. With that 
construction we never had any trouble due to ice or 
snow. It wasso made that a man could step on the rail 
guarding with his foot right across it, or longitudinally, 
and he could not get hurt. That railway has been run- 
ning since 1916—it was electrified during the war—and 
the Liverpool and Southport Railway has been electrified 
since 1904. We were pioneering in the north in those 
days, and there are a great many things about that 
railway which it is very satisfactory to find were done 
so well, although we had to find out bit by bit what 
was necessary. With regard to cables, we first of all 
put them underground, but after a few years we found 
it was better to take them up and put them on posts, 
as Mr. Roger Smith has mentioned, and we got rid of 
all our troubles in that way. One matter which I 
think the author has not mentioned is the cutting of 
the rails on curves due to the low centre of gravity of 
the bogie trucks. The spring effect is practically non- 
existent where the heavy weight of the motor is so 
close to the rails. I think that to a certain extent the 
author has got over his difficulties by having special 
rails and tyres, which, of course, add to the expense. 
But the fact remains that the wear and tear upon 
curves is very high indeed. On the Liverpool and 
Southport line we found that in going into Southport, 
where the curves are rather severe, long strips of rails 
2 ft. or 3 ft. in length were sometimes cut off, and that 
went on with perfect regularity. I had thought that 
on the Liverpool Overhead Railway, which joined the 
Lancashire and Yorkshire Railway at a place called 
Seaforth, the lighter cars coming round a sharp curve 
would not have the same effect because the wheels 
were smaller and lighter, but we found that the effect 
was worse than it was at Southport. The author has 
not dealt to any very great extent with the question 
of rolling stock. I should like to suggest one little 
improvement that might possibly be made upon the 
Underground trains, and that is that the backward 
jolt experienced just as the train is stopping should 
be avoided. I assume that the jolt is caused by the 
accumulated backlash of all the important parts of 
the bogie, because the car body actually moves after 
the bogie has stopped and settles itself back into its 
central position, and that jolt sometimes creates a very 
unpleasant feeling when one is not holding on to a strap. 

Mr. G. Broughall: Sir John Aspinall has dealt 
with the two northern sections of the line of the 
Company with which I am connected. I propose 
therefore to deal only with the London sections which 
are equipped on the same system as those of the 
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Underground Railways. One of the reasons why we 
adopted the third and fourth rail system for the London 
electrification was that we had to arrange for the inter- 
running of our trains and the District Company's 
over certain parts of the line. The use of third and 
fourth rail, as the author has pointed out, does intro- 
duce some peculiarities in working. It has advantages 
and disadvantages. Amongst the former are the facts 
that little or no difficulty is experienced with electro- 
lysis, and that we are able to run for short periods with 
the positive rail earthed. It is not desirable to do 
that, but in cases of emergency it has to be done, and 
it is very convenient to be able to do it. Running 
with the positive rail earthed is apt to set up trouble 
at various points on the system, and therefore it seems 
to me desirable that a large system should be divided 
into sections which are not permanently electrically 
connected. Further, any sidings on which trains are 
likely to be kept for certain hours of the day should 
have isolating switches so that when the trains are in 
position the switch can be opened and the trains saved 
from insulation trouble due to any disturbance on the 
rest of the track. The question of voltage surges, 
with which the author has dealt, is certainly very 
interesting, but I do not think that it is confined to 
the third and fourth rail system. It seems to me that 
if a current of several thousand amperes flowing through 
an inductive circuit, such as these rails constitute, is 
suddenly interrupted, there is bound to be a rise of 
voltage somewhere. We have experienced that trouble 
and we found it was most marked in hot, dry weather 
when the insulation of the system was good. We 
tried to eliminate it by putting in electrolytic arrestors 
in the substations, and our experience with them has 
rather tended to show that they are beneficial. I 
cannot say that they have entirely cured the trouble, 
but they have reduced it. The author deals with the 
question of the conductivity of the conductor rails. 
We have never found any difficulty in getting a rail 
of a higher conductivity than that mentioned by the 
author. The resistance is from 6 to 64 times that of 
copper instead of 7 times, and the carbon content is 
very considerably lower than that shown in Table 1. 
We use the same form of bonding as that shown in 
Fig. 4. Short bonds are likely to give more trouble 
than long ones, but if the expansion and contraction 
of the rails is taken care of at a great many joints 
instead of at only a few, this type of bond seems to 
work quite satisfactorily. For this reason we anchor 
our rails every 150 ft. We substitute for the ordinary 
insulator one with a square top, which is attached to 
the sleeper by a complete cast-iron ring. The rail 
itself is fitted with a clip which fits on each side of the 
square head, and tends to confine the movement of 
the rail due to expansion, etc., to that taking place in 
a length of 150 ft. The expansion and contraction, 
therefore, which takes place at the end of the sections 
and at the intermediate joints is quite small. With 
regard to ramps, we prefer to use a ramp rather than 
to turn down the ends of the rail, but we make them 
out of scrap lengths of conductor rail and not out of 
cast iron. That is a very good way of using up odd 
lengths of rail, which are always being put forward by 


the rolling mills, and short lengths which occur in 
laying the rails in position. With regard to protection 
against accidental contact, we have adopted exactly 
the same method as the author has described, putting 
a board on one side of the rail at stations and other 
places where there is traffic across the line, and, in 
addition, where there are porters' crossings or barrow 
crossings, we take special precautions and depress the 
rail. The figures given by the author for wear and 
corrosion of conductor rails in the open agree closely 
with measurements taken by us some two years ago. 
As he points out, the weight of shoe has a direct bearing 
on this matter. The weight of shoe employed by my 
Company is 28-5 lb. We have tried various methods 
of eliminating trouble from ice on conductor rails, 
including steel strip brushes as described by the author, 
shoes with hardened steel renewable cutters, and steam 
jets with rubber squeegees following, and last winter a 
van was fitted up with a rail oiling equipment. There 
was little interference from ice last winter and the 
latest type of equipment is still awaiting the opportunity 
of showing what it can do, but so far the limited use 
it has had shows it to be quite promising. When my 
Company's rails were first installed they were given a 
coating of paint as a protection against corrosion, and 
doubtless it added a year or two to their life. The 
question of repainting them was gone into some years 
later, but the conclusion reached was that the additional ` 
life likely to be obtained was not sufficient to warrant 
the heavy expense involved. We have only used the 
type of porcelain insulator shown by the author on 
page 395 and have found these quite satisfactory. 
The numerous fractures to which he refers have not 
been experienced. Where insulators have failed they 
have generaly been subjected to mechanical injury. 
On some occasions failure has been due to the use of 
salt for clearing snow and ice from rail points. This 
practice appears to be extremely detrimental to the 
insulators and special attention is now given to the 
matter, salt being used as sparingly as possible and 
kept away from the insulators. The original installa- 
tion of low-tension jumper cables comprised bitumen- 
sheathed paper-insulated cables laid solid in key fibre 
troughing and terminated in special sealing heads 
mounted on a flange at the top of a cast-iron bend. 
This construction has been quite satisfactory but is 
rather expensive in first cost, and later practice has 
tended to the use of the method mentioned by the author, 
viz. vulcanized-rubber-insulated cables laid in wood 
troughing buried flush with the top of the ballast. The 
sealing head is, however, retained and the connection 
between it and the rail made by a flexible bond so 
that small movements of the rail do not put any strain 
on the cable or its attachments. In regard to sectiona- 
lizing and section insulators, the “train section " 
mentioned by the author has not been used by my 
Company except at points where our system connects 
with that of some other Company. Opposite the 
substations the rail is cut and a simple form of wooden 
section insulator inserted between the rail-ends, held 
in place by a long wooden fishplate on each side of the 
rail web and secured by two bolts. Iron wearing- 
plates are inserted in the top of the section blocks to 
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increase their life. Section pillars for isolating purposes 
are installed at all stations, some of them containing 
cross-bond switches for connecting the conductor rails 
of the up and down lines, in addition to the sectionalizing 
switches. All these switches have locks and tablet 
keys so that if a switch has been opened and the tablet 
key taken away by the ganger the switch cannot be 
closed until he has brought the key back at the conclu- 
sion of the work which required the section to be 
isolated. The feeder switches at the substations are 
similarly provided with locks. For isolation of sidings 
and at some other points, switches mounted directly 
on the conductor rail and operated by a pole are used. 

Mr. R. A. MacMahon : In some respects the experi- 
ence on the Underground track is somewhat in conflict 
with some of my experiences on main-line tracks on 
the Continent. Local conditions must, however, be 
taken into account, and it is probable that by assigning 
to each of these its correct value and allowing for dif- 
ferences in practice the experiences will be more similar. 
The first point to which I wish to refer is in connection 
with electrical burns on rails. In the first paragraph 
on page 405 the author says that “experience has 
shown, for instance, the need of exercising particular 
care with regard to the effect on the strength of materials 
of a burn from an accidental electric arc." I am very 
pleased to see that prominence is given to the word 
“ accidental," as I have heard this objection advanced 
several times as a case against electric arc welding for 
bonding purposes. Now if arcs are, generally speaking, 
accidental, the welding arc is eminently one that is 
not accidental; the proof of the fact that the arc 
under proper control, such as.the welding arc, is not 
deleterious to the strength of materials is that after 
a period of about 10 to 15 years’ rapid expansion the 
arc welding process is still in existence and is daily 
becoming more and more universal. In this respect it 
is interesting to note that the standard practice of 
the Swiss Federal Railways on the electrified sections 
is to arc-weld the bonds to the track rails. The bonds 
employed are of a special type with ferrous heads, 
which are arc-welded on the head of the running rail 
and naturally on the outside. This method of bonding 
is considerably cheaper than other methods, the 
maintenance practically nil, and, the weld being visible 
by a man walking along the track without touching it or 
stooping, the ease and speed of inspection is considerably 
increased. The electrified section from Geneva to 
Palezieux via Lausanne is bonded in this way and is 
of particular interest, as on the Geneva-Lausanne 
section, some 50 miles, the conditions are in some 
respects similar to those on the Underground Railways. 
The traffic consists partly of a frequent multiple-unit 
traffic, but at the same. time the tracks have to carry 
main-line trains at speeds of 55 m.p.h. with a loco- 
motive weight of 87 tons, having a maximum axle 
weight of 18-5 tons on the drivers. No trouble due 
to broken rails has occurred from this source. The 
second point to which I should like to refer is the 
question of pressure-rises or surges. It may be of 
some, though perhaps little, consolation to the author 
to know that he is not the only one who has been 
troubled with these surges, which from the figures 


given in the paper are of a relatively small value. 
Although the local conditions on the lines where I have 
had these experiences are not quite the same as those 
on the Underground, the effects of these surges and 
the steps taken not only to overcome the troubles due 
to them but to prevent the formation of the surges 
themselves may be of some interest. Before going into 
this I should like to say that it appears a little difficult 
to understand the time-lag shown on page 391 between 
the various accidents due to earthing the positive rail 
at North Lambeth, unless certain special conditions 
existed at the time of the fault and continued through- 
out the period shown. If these later breakdowns were 
due to pressures above 600 volts, these pressures, 
whatever they were, would be of a transient nature 
and would hardly be:likely to manifest themselves 
during a period of 16 minutes as a direct result of the 
original fault. It is possible that the surge caused by 
the original fault was of a considerable magnitude, 
causing weaknesses in insulation elsewhere on the 
system, but the actual breakdowns are probably due to 
further surges of a normal character which are more or 
less always present, due to switching and other reasons, 
causing variations in the current flowing through not 
only the track but the rotary convertors. I agree that 
the pressure-rises will.be due to the energy stored in 
the self-induction of a length of track and the rotary 
convertors. Some years ago some tests were carried 
out on the Metropolitan Railway of Paris. The 
problem to be dealt with was of a similar nature, the’ 
difference being that in this case there was an earth 
return, but this does not prevent surging on the positive 
nor does it minimize the effect of a steep-fronted wave. 
It was considered that the first step was to tackle the 
problem at a likely source of trouble, that is to say, 
at the convertors themselves. If a flash-over occurs, 
due to a fault, there is every likelihood of a surge being 
generated on the rotary commutator or by the magneti- 
cally blown-out arc of the circuit breaker. After a 
good deal of preliminary research for the determination 
of sizes, night tests were carried out in July 1921 at 
the Opera Station which feeds several lines.. The 
convertors were each of 1 500 kW at 600 volts. Short- 
circuits were made at a certain distance from the sub- 
station. The first test produced a flash-over; pro- 
tective apparatus was then connected, consisting for 
each machine of a condenser of 1 uF capacity shunted 
by a non-inductive resistance made up of 7 banks of 
3 special lamps in series. Further tests not only pro- 
duced no flash-over but effectively quenched all arcing 
at the brushes, the commutators themselves remaining 
perfectly clean. It was very interesting to note, however, 
that the discharging of the condensers was made visible 
by a hunting of the lamps used as resistance. This 
method has, in any case, greatly reduced the number 
of breakdowns due to surges. This seems in contra- 
diction to the fear of the possibility of dangerous oscil- 
lations taking place between the condensers and the 
self-induction of arcing faults, but it must be remembered 
that these condensers were shunted by a non-inductive 
resistance, and if the combination is well designed and 
due respect is paid to the relationship of resistance 
to capacity, oscillations should not occur. On the Midi 
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Railway of France, conditions at one time were much 
worse. This system has an overhead line at 1 500 volts 
and a track return. In the early stages, when but few 
locomotives were running over the first small section 
electrified, some 50 miles of simple track, no troubles 
occurred. As the system was extended, however, and 
the number of locomotives increased, the troubles due 
to breakdowns arising from surges increased at an alarm- 
ing rate ; so much so, that at one time over 60 per cent 
of the electric locomotives were out of service and a 
certain amount of steam traction had to be resorted 
to. It is only fair to add, however, that many of these 
breakdowns would have been avoided if proper main- 
tenance and cleaning had been carried out on the equip- 
ments, but technically the fact remains that the troubles 
were to a great extent due to surges which, from certain 
arcing distances observed, must have been of the order 
of from 30 000 to 40 000 volts at a very high frequency 
or of a very steep wave-front. For instance, the stopping 
of a double-headed train on the level immediately after 
climbing a heavy gradient means suddenly cutting off 
a current of some 2000 amperes flowing through a 
circuit 20 miles long. The case was complicated by 
the fact that regeneration was in use on the gradient 
in question. The surge thus generated may not have 
been very great in itself, but probably caused other 
disturbances which were the cause of the trouble, and 
the first step taken was to sectionalize the line in order 
to localize and detect the origin of the trouble. This 
was rather successful, but from an economic and dis- 
tributing point of view was looked upon as a heresy. 
The problem was then to get to the seat of the trouble 
and to prevent damage on the locomotives due to 
transients. The amount of detail work involved is 
almost incredible and would take far too long to explain, 
but it is sufficient to say that such questions as the 
design of the motors themselves, particularly with 
reference to the brush and collector gear, shunting 
the main and auxiliary poles by properly proportioned 
ohmic resistances, special methods of earthing the frames 
of the control gear, and special precautions to be taken 
in dealing with the magnetic blow-out of arcs due to 
the opening of circuit breakers and use of protective 
gear, and many other points, were thoroughly investi- 
gated. The result is that to-day there is practically no 
sectionalizing and that the breakdowns due to these 
sources have been minimized. It may appear that the 
trouble and expense involved in carrying out detail modifi- 
cations on a large number of units are prohibitive, but 
taking into account the enormous loss of revenue per 
minute due to traffic delays on such a congested system as 
the Underground, I think that the sum of the interest on 
the capital cost and the amount allowed for depreciation 
on this extra expenditure, balanced against the loss of 
revenue due to traffic delays, would prove to be a most 
excellent investment. 

Mr. P. R. Boulton : I am rather surprised at the 
high resistances given for conductor rails in Table 1. 
The average of these figures shows the volume resistivity 
as 7:31, and the presence of 0-078 per cent of carbon 
and 0-21 per cent of manganese. The Metropolitan 
Railway Co.'s specification calls for a resistance not 
exceeding 18 microhms per yard of 100 lb. rail at 


60°F. This is equivalent to a volume resistivity of 
7:35. Notwithstanding this maximum figure allowed, 
however, the average volume of a large number of 
Sandberg's tests on a 700-ton consignment showed a 
volume resistivity of 6-5, carbon content of 0-06 per 
cent and manganese content of 0:13 per cent. It is 
interesting to note that, notwithstanding the superior 
conductivity and resistance to corrosion of the very 
pure iron which is now available commercially, no case 
can be made out for the use of such iron on the Under- 
ground Railways. I can quite appreciate that this is 
so, but I think this material, in spite of its higher cost, 
may justify itself on open sections of railway, particu- 
larly in industrial areas where the atmosphere is more 
corrosive than in London. The author's deductions 
that the fourth-rail system will in future be used only 
for extensions of existing systems are, I think, probably 
correct. Two points in this connection, however, are 
worthy of note—on junctions, cross-overs and curves 
carrying dense traffic manganese rails are essential to 
give reasonable life, and are also more economical than 
steel of the usual composition, in spite of their very 
high cost. Having regard to the high resistance of the 
manganese steel, it may, in certain positions, be found 
necessary to install booster cables to improve the con- 
ductivity if the track rails are used for return circuit. 
The fourth-rail system has the advantage that it 
enables the most suitable material to be used for both 
the track rails and the conductor rails. It is conceivable 
that in the future alloy steels will be produced, giving 
still greater durability and resistance to wear; such 
rails may, however, have a resistance even higher than 
that of the manganese rails. The insulated-return 
system has also the advantage, the importance of which 
may be a matter of opinion, that the train equipments 
are not normally stressed to the full line voltage, as 
in the case of the track-return system, and, provided 
the train equipments are in good order, an earth on a 
positive conductor rail does not necessarily cause a 
short-circuit of sufficient dimensions to prevent the 
running of trains until such time as the earth is removed. 
The rises of pressure to which the author draws atten- 
tion, resulting from the opening of the line circuit, are 
interesting as showing the abnormal stress to which 
the equipment may be momentarily subjected, these 
rises being the result of the sudden dissipation of 
magnetic energy stored in the conductor rails, rotary 
convertors and train motors, accentuated by the 
employment of the high-speed type of circuit 
breakers on train equipments and in substations. I 
have always thought that circuit breakers on d.c. 
circuits should open with a velocity only just sufficient 
to break the circuit. It is cheaper to renew carbon 
blocks than to repair breakdowns. With reference to 
the wear of conductor rails and the very interesting 
figures which the author gives on this question, I have 
often wondered whether the fact that the positive 
rails wear more quickly than the negative rails is due 
in some measure to the presence of a heavier film of 
moisture on the negative rails, which would tend to 
give lubrication. I refer to the osmosis effect whereby 
a positively charged body attracts less moisture than a 
negatively charged body. The practice on the Under- 
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ground Railways of not cleaning insulators except at 
special points agrees substantially with the practice of 
the Metropolitan Railway. The insulation resistance 
mentioned, viz. from 200 to 1200 ohms per mile, 
seems to be exceptionally good. On the 85 miles of 
track on the Metropolitan system the insulation resistance 
on a wet day of the whole of the positive system is about 
12 ohms, and on the negative about 8 ohms. This is 
equivalent to 700 000 ohms per positive insulator and 
400000 ohms per negative insulator. The lower 
insulation of the negative rails is partly due to the 
smaller insulators used. It may also be due to some 
extent to the electrical osmosis effect. The author’s 
conclusions that the problem of overcoming the 
resistance of an ice film on conductor rails of the top- 
contact type is not yet solved is, I believe, a general 
experience. Fortunately, our climate is such that a 
solution is not essential; nevertheless, the complete 
disorganization which sometimes takes place on open 
lines would make it very desirable. The results of 
experiments undertaken to determine the practicability 
of raising temperature sufficiently by passing’ heavy 
currents through the rails during non-traffic hours show 
that such a remedy is expensive. The problem is one 
to which consideration has been given on the Metro- 
politan Railway, but to do this economically would 
necessitate the installation of special low-pressure 
transformers, and the expense has not been considered 
justified. Moreover, this could only be done during 
non-trafhc hours. The possibility of maintaining the 
temperature during traffic hours by superimposing 
alternating currents may be worthy of investigation, 
but the plan is not free from difficulties. 

Mr. T. J. Aldridge (communicated): Attention is 
drawn in the paper to the large number of insulator 
breakages, an example being quoted where ''in the 
renewal of 12 miles of current rail near Hammersmith 
station, out of the total of 740 insulators taken out 
about one-third had to be renewed, in the majority 
of cases due to fractures near the metal cap." I 
imagine that similar figures have been obtained during 
reconstruction of other portions of track. Reference 
is also made to the necessity of anchoring the conductor 
rails to prevent transverse motion, due to the friction 
between the rail and collector shoe and to heat effects. 
Do the author's data show that the majority of 
breakages occur where the insulators are used with 
conductor rails that are not anchored, or that the 
number of breakages is not affected in any way, either 
beneficially or detrimentally, by the presence of the 
anchors ? 

Mr. S. C. Bartholomew (communicated) : The author 
says that the chief feature determining the decision to 
adopt an insulated return was the possible injurious 
effect on apparatus of other concerns, such as gas pipes, 
water pipes, telegraph or telephone cables, etc. In 
my opinion this was a wise decision, and I am sorry 
to see that the author anticipates that uninsulated 
returns will be employed on future electrification 
schemes. The great increase in the use of underground 
lead-covered cables for telephone circuits has made the 
subject of electrolytic damage by stray currents a matter 
of great importance and of growing concern. It is 


therefore disturbing to find that the sources from which 
Stray currents emanate are likely to be greatly aug- 
mented, and it is urged that the decision to use un- 
insulated returns should not be lightly adopted. I do 
not propose to enter into all the advantages and dis- 
advantages of the two systems as affecting the operations 
of the railway undertaking, but I should like to point 
out that in arriving at the conclusion that the cost of 
the electrical equipment of track with the earthed return 
and track circuits is about the same as the cost of the 
electrical equipment of track with the insulated return, 
allowance does not appear to have been made for the 
fact that on heavily-loaded routes insulated negative 
return feeders might have to be employed to keep the 
voltage-drop on the uninsulated rails within reasonable 
limits. It is more than probable that such return 
feeders would have been necessary on the Metropolitan 
and Metropolitan District Railways had not insulated 
rails been employed in the first instance, and this 
would no doubt have turned the scale in the matter 
of cost in favour of the use of the insulated return. 
This point leads to the question of Ministry of Transport 
Regulations. It appears to be a fact that regulations 
were not prescribed for these two railways, but it is 
thought that there are regulations in the case of the 
other underground railways which are in metal-lined 
tubes. Printed copies are held of some published by 
the Board of Trade in 1902. Recent experience points 
to the probability that the question of prescribing 
limits of voltage-drop, etc., will have to be gone into 
in cases where uninsulated rails are being employed 
and the loads are heavy. A further advantage of the 
fourth rail compared with the third-rail system is the 
reduction in the inductive interference effects produced 
by the ripples or harmonics on the direct current. 
These ripples may be of considerable magnitude if 
consideration has not been given to the matter in the 
design of the machinery supplying the current to the 
trains, and the disturbing effects on neighbouring 
telephone lines running parallel with the railway may 
be serious. The inductive effects will be less, however, 
from a system employing an insulated return than 
from one using an uninsulated earth return. It should 
be observed that during recent years there has been 
a great improvement in this country in the design of 
rotary convertors used with traction systems, and 
modern machines may be quite satisfactory even on 
third-rail systems. That being so, it is perhaps not too 
much to hope that a perfectly satisfactory solution would 
be found if mercury rectifiers were employed for the 
same purpose. It appears that the fourth rail is not 
earthed at the negative busbar. Presumably the 
principal objection to such an arrangement would be 
the fact that a fault on the positive to earth would 
produce a definite short-circuit. If that is so, is not 
that another reason in favour of the fourth-rail system, 
as the earthing of the third rail necessarily gives rise 
to such an occurrence? The author throws light 
upon the cause of certain disturbances which occurred 
when the Metropolitan and District Railways were first 
operated with electric traction, and which could not be 
satisfactorily explained at the time. Coincident with 
the running of the first electric trains, false signals were 
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received on circuits provided by the Post Office for the 
London Fire Brigade Service. The trouble was wide- 
spread and the fire stations concerned were in many 
cases far removed from the railway. The trouble was 
not expected in view of the use of a fourth rail. Inter- 
ference with public telegraphs had been experienced 
on the working of the South London and the Central 
London Railways, but in those cases the uninsulated 
return was in use. It is clear from the experiences 
recorded by the author, and Mr. Duddell’s tests showing 
rises of pressure as high as 3000 volts at points many 
miles distant from the point where the short-circuit 
took place, that this phenomena was responsible for 
the frequent turning out of men and fire engines on false 
calls at widely separated fire brigade stations. A cure 
was found at the time by greatly increasing the resistance 
of the fire alarm circuits and by making the earth 
connections at earth plates instead of on the water 
pipes. | 

Mr. J. H. C. Brooking (communicated) : The success 
of an electrified scheme of this kind probably depends 
more upon the design of those details which are located 
out in the open, or are not easily accessible, than upon 
those items of the plant and fittings which are located 
under cover with skilled attention handy, although the 
troubles on the latter plant are in the seemingly more 
important places. It is, therefore, necessary to use a 
much higher factor of safety upon the outlying plant 
and accessories which are not easily accessible, than 
upon their opposite numbers which have the advantages 
mentioned. In this connection the paper gives informa- 
tion regarding trouble on the jumper cables laid direct 
in the ground at junctions and other places where gaps 
occur in the current rails, when these cables were of the 
rubber-insulated and lead-covered type. The lead 
covering became damaged by electrolysis and vibration, 
and it is mentioned that a special cable was designed 
having a covering of rubber and bitumen, taped, braided 
and compounded, but not lead-covered, this'type of 
cable also proving troublesome at first owing to the 
bitumen cracking. Similar troubles as regards the lead- 
covered cables were experienced upon the Metropolitan 
Railway lines, and in 1913 it was decided that the 
design should be altered from the rubber-insulated and 
lead-covered type to the rubber-insulated and cab-tyre- 
sheathed type. The Metropolitan Railway thereupon 
put in hand trial lengths of this type of cable and since 
that date, over 13 years ago, have never experienced any 
trouble with the cab-tyre-sheathed type, and have since 
gradually changed over from the lead-covered type to 
the cab-tyre-sheathed type. It should be noted that 
the latter type is more expensive than the lead-covered, 
but as the lead-covered cable appeared to last on an 
average only about three years under the severe condi- 
tions mentioned, and as the cab-tyre-sheathed cable is 
still in service after more than 13 years, the difference in 
the cost is swamped by the difference in the total life, 
leaving out of consideration the further cost of changing 
over the lead-covered cables as they fail, and the 
troubles attendant upon such failures. It was also 
found that with cab-tyre-sheathed cables there was no 
need to make special arrangements as to the use of 
wooden troughs as the cables were satisfactory when laid 
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in the ballast, though, I understand, troughs are usually 
employed to give protection against picks, etc. The 
causes of the troubles on the lead-sheathed type were 
three, viz. vibration, electrolysis and mechanical 
damage, from all of which cab-tyre-sheathed cables are 
immune. 

Mr. 'T. Stevens (communicated) : Referring to 
Fig. 2, is the flat-bottom conductor rail the least stable 
of the three types shown? I consider that the flat- 
bottom type was imposed upon the London Under- 
ground and North-Eastern Railways by Americans who 
feared to depart from American practice. I think that 
the simplicity of the design and consequent lower cost 
favour the channel section, which in the first electri- 
fication of the North Eastern Railway was estimated 
to be £6 000 cheaper than the section adopted. On 
page 393 the author says: '' The channel section is 
more stable in position than the rectangular, but its 
supports and connections are not so readily inspected 
and bending is more difficult." These remarks, how- 
ever, deal with only two of the three types shown. 
Many have succeeded in bending channels satisfactorily 
and without undue cost. Concerning the cause of 
vibration trouble on the Central London Railway, 
dealt with in Appendix 1, I think it undesirable that the 
statement quoted by the author should appear in the 
Jowrnal unchallenged, even though it involves my 
giving away information after a quarter of a century 
has elapsed. Although I was not responsible for the 
wheel rails I was responsible for the locomotives, which 
were gearless because this type was definitely specified 
in the original inquiry. I am certain beyond the . 
possibility of doubt that the sole cause of the vibration 
trouble was the inefficient, careless workmanship at 
the rail joints. I spent appreciable periods of time 
with an eye at rail-level at many different joints while 
service trains passed. In each case I saw the practically 
unsupported ends depress as each wheel approached, 
while the next rail, relatively unloaded (about to receive 
the weight), stood, at most, } in. higher. Against such 
higher rail-ends each wheel hit and jumped on—that 
and that only was the cause of vibration. It is obvious 
that the frequency of hitting rail-ends is also “ con- 
sistent with speed ” of train and it involves no romance 
about “ waviness " along the straightened rail to make 
it evident that defective joints caused the trouble. 
So it becomes necessary to suggest how the Committee 
of eminent experts, named by the author, were led to 
report that vibration did not originate at the joints. 
A bridge section of wheel rail, when fixed on a bridge 
girder, is so supported at joints as to ensure a good 
surface; but laid on sleepers the joints must have 
efhcient support, because there is no other possibility 
of maintaining the surface across an unfishable joint. 
The wheel rails on the Central London Railway are 
1:25 in. less in vertical height than an ordinary rail of 
the same weight. I was informed that the bridge rail 
had been adopted to save 1-26 in. in the diameter of 
the tunnel, thereby avoiding what was reputed to 
amount to appreciable economy in excavation for the 
13 miles of tunnel. When originally installed an adze 
was used for making room in the longitudinal wood 
sleepers for the heads of bolts which fixed sole-plates 
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under rails, support for the sole-plates being removed 
just where support was most needed. Subsequently, 
and, I believe, quite unknown to any of the superior 
officials of the railway, and certainly not known to the 
Committee of investigators, supports fitting closely 
under sole-plates were provided in time to prevent 
the Committee seeing the defective work; and, not 
knowing that there had been any alteration, the Com- 


mittee reported that vibration did not originate at the 
rail joints. After this improvement, if the seismograph 
tests had been repeated with the gearless locomotives 
in service there would have been almost as good results 
as were later attained with the spring-borne locomotive. 


[Ihe author's reply to this discussion will be foun 
on page 427.] 


SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 19 JANUARY, 1927. 


Mr. F. Forrest: I should like to ask the author 
whether, among other means whereby the current can 
be removed from the defective section at a moment's 
notice, he has tried earthing the neutral or star point 
of the transformers connected to the substation rotary 
convertors, and fitting an automatic overload circuit 
breaker to both the positive and negative feeders 
supplying each section. This arrangement would clear 
low-resistance earths immediately from either conductor 
rail in a section, and should go a long way towards 
preventing the very high potentials and complementary 
faults in other sections which he has described. 

Mr. J. Morton: I am much interested in the 
author's remarks with regard to the choice of the 
insulated as against the earth return, also his remarks 
regarding the possibility of future extensions being 
provided with the earth return where such extensions 
do not form part of the system on which the insulated 
return exists. In the case of the e.h.t. supply to the 
various substations feeding the underground railway 
system, it is assumed that one or other of the usual 
feeder protective systems is in use, consequently the 
earthing of the protective system, in order to comply 
with the standard regulations, must necessarily 
become involved with the general earthing on the 
traction system when the earth return is used. Does 
the author ever experience any trouble due to the 
unaccountable operation of protective gear owing to 
different earth potentials between two points at the 
instant of a very severe traction fault ? On the system 
with which I am connected, such interruptions have 
taken place without any apparent cause, but as the 
result of careful investigation it was found that on a 
particular 33 000-volt feeder which is itself, together 
with the step-up and step-down transformers at each 
end of the line, protected as a single unit, the pro- 
tective transformers being arranged on the 6 000-volt 
side in each case, the trouble was due to the earthing 
of the star point of the protective current transformers, 
and that under the conditions of a heavy traction fault 
near the step-down end of the line a momentary 
difference of potential between the earth plates at the 
step-down end as compared with the generating-station 
end amounted to as much as 25 volts, which was suff- 
cient to cause all three phases of the protective relay 
to operate simultaneously. In view of the possibility 
of much heavier d.c. traction faults being encountered 
on a system such as the Underground Railways than 
on the average surface traction system, has the author 
ever experienced similar trouble on his e.h.t. feeders ? 
On the question of rail wear, the lantern slide showing 


the extraordinary amount of wear on one particular 
rail as compared with other rails which presumably 
were manufactured at the same time, is very interesting, 
particularly as the author definitely states that the 
analysis of different sections cut from the same rail 
were so near each other as to remove any suggestion 
that the chemical composition was a factor. On the 
City of Birmingham traction system similar actions 
can be seen on the rails, although to a much less extent 
than that shown by the author, and it is quite common 
to see one length of rail very badly corrugated while 
on an adjacent length no trace of surface deformation 
is apparent. Since, however, the trains on the London 
Underground Railways are equipped with geared 
motors, and also with motors driving direct on the 
axles, I should be very glad to know whether, as the 
result of actual experience, these rail-surface deforma- 
tions are more or less encountered on sections of the 
system on which the rolling stock is equipped with 
geared motors, as distinct from rolling stock on which 
the motor armatures are built direct on the axles. In 
regard to the methods tried for overcoming the trouble 
due to ice forming on the conductor rail, I should have 
thought that to coat oil on a rail from which current 
had to be collected was a method which an engineer 
would avoid, as any thawing of the ice, together with 
the neceSsary pressure between the collecting shoe and 
the rail, would cause the oi] to emulsify, and it is 
recognized that a film of emulsified oil between any 
two rubbing surfaces is actually thicker than the film 
of oil which would obtain in the event of oil only being 
present. This was demonstrated years ago when large 
reciprocating engines were more common, and it is a 
fact that with many of the older engines it was almost 
impossible to run bearings, particularly guide bearings, 
on oil alone, but when an occasional drop of water 
was introduced, so as to produce emulsification, no 
trouble whatever was experienced. It is this fact, 
therefore, that leads me to suggest that the film of 
emulsified oil would increase the contact resistance 
between the shoe and rail itself, thus making the cure 
as undesirable as the original trouble. 

Dr. C. C. Garrard: I am very interested in 
the particulars of the experiments made by the late 
Mr. Duddell, given in Appendix 3. There is no doubt 
that the operating conditions to which apparatus is 
subjected on the London Underground Railways are 
particularly severe. This is due, in the first instance, 
to the inductive nature of the circuit. As the 
positive and negative conductor rails are several feet 
apart, the loop enclosed is large in area, and the 


ON THE UNDERGROUND RAILWAYS OF LONDON: DISCUSSION. 


423 


effect is intensified by the rails being of magnetic 
material. I have found somewhat similar conditions 
elsewhere. One instance was at a large electro- 
chemical works where the distribution was by direct 
current, by means of heavy overhead conductors 
spaced considerably apart. Another case was a colliery 
having d.c. armoured cables. In both these cases 
inductive rises of potential similar to those mentioned by 
the author wereexperienced. Thereis, I think, no doubt 
that the voltage surges on the London Underground 
Railways are considerably greater than those mentioned 
in Mr. Duddell's report. His measurements were made 
at the substations. As the substations are connected 
tothe track by means of cables, and as a length of cable 
acts as a surge absorber, measurements at the sub- 
station are not likely to show the inductive rises which 
actually occur. For this reason also I think that the 
substations are the wrong places in which to locate 
any form of protective device or discharger. This 
may have contributed to the inconclusive results 
obtained by Mr. Duddell The effects of surges are 
expected to be most apparent on the apparatus in the 
trains. As is pointed out on page 412, the pressure- 
rises are, in part, due to the energy stored in the self- 
induction of the track. The apparatus on the trains is 
in immediate contact with the track, and the conclusion 
that trouble, if it occurs, will take place in the trains 
is borne out by the particulars given on page 391, 
where, as a result of a short-circuit on the positive 
rail, five breakdowns occurred in motor-coaches, and 
apparently none at any substations. There can be 
no doubt that the surge trouble is intensified by 
the use of the insulated return. With the insulated 
system, should the insulation become defective on the 
positive, an arc or spark occurs between the positive 
and earth. The current through this spark or arc is 
the leakage current of the negative, plus the charging 
current of the system. Directly a spark takes place 
from the positive to earth, the positive is lowered to 
earth potential, and the arc is immediately extinguished. 
The voltage on the positive then rises relative to the 
earth, and the spark repeats itself. Thus we have an 
intermittent discharge from positive to earth taking 
place with great rapidity. We have in effect what is 
called an “arcing earth," which is well known to 
be a prolific source of surges. These surges may be a 
source of danger even if they are not high in voltage. 
Electric waves are sent out with steep wave-fronts 
in all directions in the system, and will break down 
the insulation of the end-turns of apparatus. As the 
author points out on page 391, no form of absorber 
has been found to be satisfactory, but I should like to 
ask whether experiments have been made with any 
form of discharger in the coaches, which appears to be 
the proper place for such apparatus. The rolling stock 
is naturally liable to be in a worse condition as regards 
dirt, damp, etc., than is the substation machinery, 
and is therefore the more liable to suffer. Moreover, 
as I have pointed out, the substation machinery is 
naturally protected by the feeder cables. I think I 
am correct in saying that all makers of traction appar- 
atus for the London Underground Railways recognize 
that these surges take place, and design their apparatus 


accordingly. In illustration of this I would point out 
that the flash test for industrial contactor controllers, 
as given in B.S.S. No. 129 for 600-volt plant, is 
2200 volts. Such a flash test, however, is absolutely 
useless for rolling stock on the Underground Railways. 
The flash test has to be about 9 000 volts. This makes 
the plant expensive to make and, I think, must affect 
the cost of maintenance. Anything that could be 
done to reduce these effects would therefore be of 
great benefit. It may be thought that the voltage 
effects which are apparent in the coaches are due to 
inductive rises within the control gear itself. Experi- 
ments which have been made tend to show that this is 
not so. There are naturally some inductive rises due 
to the breaking of the, circuit of the operating coils on 
the contactors and similar apparatus, but these are 
smaller than those given in Appendix 3, and could not 
account for the effects obtained. I agree with the 
author that the origin of the surges is in the track 
system. I would suggest, therefore, that the proper 
place to locate any absorber or discharger is the motor- 
coach. Electrolytic arrestors could hardly be used in 


_this situation, however, as their messy nature would 


make them a great source of trouble. A non-inductive 
discharge path with a permanent leak might help. 
Has the author considered this, or the use of high-speed 
circuit breakers? For 1 500-volt d.c. traction, high- 
speed circuit breakers are now becoming standard 
practice, but these are located in the substations. I 
am afraid it would be impossible to incorporate high- 
speed breakers on the Underground Railways rolling 
stock, but they might be situated at the substations. 
What cement does the author use in connection with 
the track insulators ? Cement is, unfortunately, neces- 
sary in some electrical apparatus, but it is a prolific 
source of trouble, due to expansion and consequent 
cracking of the insulators, and details of a satisfactory 
cement would be appreciated by many people. 

Mr. E. H. Croft: When the London Electric Railway 
was commenced were the side-running and under- 
running collector rails considered ? These, though 
more expensive, give almost complete freedom from 
sleet and offer easier methods for protection. Regarding 
the problem of the removal of sleet from the rail, I 
understand that one railway company has had extremely 
good result with oil. The question of surges is very 
interesting, particularly from the point of view of the 
design of the equipment. Traction designers are well 
aware that the creepage surfaces and air-gaps for railway 
work must be at least double the value usual for indus- 
trial work. This in itself indicates the presence of high 
surge voltages. I have experienced certain failures of 
electrical equipments due to arcing-over and I feel that 
the values given in the paper for surge voltages are 
rather low. I am of the opinion that these approach 
10 000 volts. It is not quite clear whether the author 
suggests that surges are inclined to be worse on an insu- 
lated-return system ; this may possibly be so, but very 
severe surges exist where similar equipments are in 
operation with the running rails acting as the return 
circuit. The chief cause of surges is, in my opinion, the 
inductance of the steel conductor rail, in combination, 
of course, with the heavy currents broken and the 
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existence of capacity. This is supported in some degree 
by the fact that on tramway systems the air-gaps and 
creepage surfaces are of a very much smaller value and 
breakdowns are very rare. This is possibly due to the 
provision of lightning arrestors on tramcars and may not 
be due to the fact that a copper conductor is used. One 
point, however, strongly supports the theory that the 
surges are due to the inductance of the steel rail. A 
certain railway company carried out tests on circuit 
breakers and fuses before putting them into service, 
with a view to proving their capacity. This work was 
carried out at a point fed by copper feeders, but on one 
occasion, due to a breakdown of the feeders, the current 
was fed along the conductor rails to this test-point. 
The apparatus was unable to clear such high values of 
current as when the copper conductors were used for 
the test. I consider that each equipment should be 
provided with some very simple form of surge absorber, 
as suggested by a previous speaker. I am glad to note 
that the author does not recommend for any new work, 
other than extensions, the use of the insulated return. 
The insulated-return system gives considerable trouble 
when arranging efficient and adequate protection for the 
car circuits. 

Mr. R. H. Rawll: A few years ago I was engaged 
on somewhat similar work on the electrified London 
sections of the old London and North Western Railway, 
and I remember that considerable trouble was experi- 
enced by the earthing of the positive conductor rail 
due to loose brake pins of goods trains passing over 
the electrified portions of the track. It would be 
interesting to know whether the author has had to 
contend with this trouble. The possibility in certain 
circumstances of excessive potentials being present on 
the system is of great importance because it must be 
remembered that all apparatus connected to the traction 
supply must be designed to withstand such pressure- 
rises successfully. A small motor to be used in con- 
junction with a pump for obtaining water from a well 
beside the track was fed from the busbars of a traction 
substation, and the makers were informed that, although 
the normal pressure was in the region of 600 volts, the 
motor would occassionally have three to four times 
that pressure imposed upon it. Although they eventu- 
ally delivered the motor to the specified requirements, 
it was some time before they could be made to realize 
that such pressure-rises were likely to occur. According 
to Curve “ A," Fig. 16, the positive conductor rail is 
normally about 400 volts above earth potential, and the 
negative rail in the region of 200 volts below earth. 


This is what one would expect, considering the greater 
height of the positive insulator, and hence the greater 
insulation resistance to earth, compared with the 
negative insulator. But in Table 6 the insulation of 
the positive rail to earth is given as less than that of 
the negative and this would make the negative have the 
greater potential to earth. It is, of course, realized 
that the results in the table were obtained over a short 
length ot track and may not be representative of the 
proportionate resistance of the positive and negative 
rails to earth over the whole system, but it would be 
interesting if the author could explain this. I believe 
that Underground trains at one point run over track 
ted from a different source of supply and at a lower 
voltage than 600. The railway with which I was 
connected was faced with the same difficulty; at one 
place two different systems of supply at different 
voltages would be paralleled by a train bridging the 
section gap between the two systems. The difficulty 
was overcome by inserting a resistance at the beginning 
of a train section of greater length than the longest 
train. I presume that the Underground Railways adopt 
the same method. It would be interesting to know 
whether, in the event of a section of track being rendered 
dead while repairs are taking place in wet weather, 
any trouble is experienced by current leaking over 
the wood section gap insulators. The interesting ex- 
periment of connecting lengths of conductor rail in 
series and passing a current through them, in order to 
prevent the accumulation of ice, reminds me of a large 
battery which was installed at a traction substation 
during the constructional period before any load could 
be put on the track. It was essential to keep the battery 
healthy and, no artificial load being obtainable, a few 
miles of track were connected up in series across the 
battery terminals and the necessary load was thus 
obtained. I should like to know whether the author has 
tried blowing steam down on to the conductor rails (during 
non-traffüc hours when the current is off) by means of 
a special shoe fitted with a steam nozzle and followed 
by a squeegee device for removing the melted ice. 
The cost of armoured e.h.t. cable run on posts is said 
to be about equal to that of unarmoured cable in ducts. 
I should imagine that unarmoured cable laid in wood 
troughs mounted on posts would compare favourably 
with these two methods, and the author’s opinion of 
this alternative would be valuable. 


(The author’s reply to this discussion wil! be found 
on page 427,] 


NORTH-WESTERN CENTRE, AT MANCHESTER, 8 FEBRUARY, 1927. 


Mr. T. Ferguson: The author's statement on page 
390 regarding the relative costs of the insulated versvs 
the track rail return svstem is most intcresting, as 
are also his conclusions that the insulated return is 
not worth while when the complications it introduces 
are taken into consideration. Presumably then, on 
& suburban railway where it might not be worth while 
to substitute electric track circuits for an existing 
hand-signalling system for a projected electrification, 


it would be still more economical to use a track return, 
as his figure of £1 000 per mile of single track, when the 
impedance bonds necessitated by electric track circuit 
are omitted, is an extremely attractive one. This 
leads one to ask the author whether, with his present- 
day experience, he considers it would be feasible to 
operate an underground railway similar to his own, 
on a 1 500-volt collector-rail system, and thereby con- 
siderably decrease the number of substations, which, 
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from Fig. 15, would appear to be placed very close to 
each other. The comparatively low cost of the collector- 
rail system as compared with the overhead conductor 
system has always appealed to me and it is a matter of 
regret that, in spite of the Manchester-Bury electrifica- 
tion, and also of experiments made of various types 
of high-voltage rail protection, all recent 1 500-volt 
electrifications are being carried out on the overhead 
conductor system. When one considers that the 100 lb. 
rail used on the District Railway is equivalent to 1-4 
sq. in. of copper if the resistance of the rail is 7 times 
that of copper, and compared with overhead construction 
it is equivalent to carrying 12$ tons of copper on each 
single track mile of overhead structure, or fully one- 
third of a ton per structure per track on the basis of 
35 structures per mile it is not difficult to see where 
the overhead system with all this copper, and the 
structures for carrying it, costs so much more than 
the third-rail system. It would be interesting to have 
the author’s general opinion regarding the use of the 
1 500-volt third-rail system for suburban railways 
such as may be later suggested round the various large 
towns in this country. Of course one realizes that the 
cost of a third-rail system suitable for 1500 volts, with 
the necessary increased insulation and protection, would 
be considerably more than the figure of £1000 per 
mile of single track which the author mentions in 
connection with the Underground Railways of London, 
butit is very unlikely that it would be anything like 
so costly as an overhead line with the same current- 
carrying capacity. On page 405 the author does 
attribute at least one good point to the insulated return ; 
he states that it has undoubtedly also reduced the 
likelihood of injury to cables, as breakdowns of the high- 
tension cables have been very few, and not caused by 
electrolysis of the covering, or internal electric break- 
down. Another interesting point is the experiments 
made on short-circuits by the late Mr. Duddell. I 
presume that the Underground Railways finally 
abandoned any idea of putting in arrestors to relieve 
the pressure, and only sectioned the track rail still 
further in order to minimize the value of the pressure 
surges set up bv the short-circuits. 

Mr. W. A. A. Burgess: The question of the corro- 
sion of conductor rails is extremely interesting. There 
appears to be a diíference between the wear on the 
positive and that on the negative conductor rails—a very 
slight difference it is true, but one which might possibly 
be due to some form of electro-deposition, and that 
possibility is strengthened by the author's statement 
that with heavy-current conditions the difference is 
more marked. Has he ever been able to find any 
difference in wear on the individual contact shoes ? 
If such a difference is observable, can it be proved to be 
really due to something of the order of electro-deposition, 
or is it only due to the position of the individual con- 
ductor rails? I am thinking more of the form of electro- 
deposition met with in arc-welding and in the formation 
of colloid metals in liquids than of galvano-electric de- 
position, as it is more generally understood. Another 
point I have been interested in is the rocking of cars, 
which is more pronounced on some railways than on 
others. The author has had so many exceptional 


opportunities of carrying out tests in connection with 
ice removal, shoe weights, etc., that it would be interest- 
ing to know whether he has been led to any conclusion 
as to the effect of the weight of the shoe or the weight 
of the spring on the rocking of the rolling stock. It 
appears that something is needed to correct this rocking, 
which is very pronounced in some tunnels on the Under- 
ground system and often occurs on open-air railways. 
On the question of ice removal, which seems to give 
the author very considerable trouble at times, it would 
appear that the apparently abandoned suspended type 
of rail with the under contact, and a similar one with 
the more difficult section—the Merz-Redman type, 
adopted, I believe, on the Central Argentine Railway— 
has something to be said for it. Has the author had 
any experience of under collection instead of top collec- 
tion from conductor rails, and has he found that it 
presents insuperable difficulties apart from the over- 
hanging support which, according to old textbooks, 
was originally adopted by one of the Underground 
Railways of London? It looked rather weak with a 
Swan-necked support, but had it any other dis- 
advantages? I am interested in the results of tests 
made by Mr. Duddell It is very disturbing to 
contemplate pressure-rises of 6 to 8 times normal 
whenever a circuit breaker is opened on a short-circuit 
at the end of a long conductor rail. I wonder whether 
those tests are really conclusive, having in mind that 
they were carried out with no traction upon the rails. 
Would a dead short-circuit show up any such rise if 
the normal traffic were upon the rail? If so, it would 
appear that the present-day practice, as followed bv 
some of the leading engineers, of using a very high- 
speed circuit breaker upon feeder supplies instead of 
upon machines, is a retrograde one. It would appear, 
if the author's results and those obtained by Mr. Duddell 
are really serious as affecting actual working conditions, 
that one should, instead of dizectly opening the circuit, 
put in a resistance and use a high-speed breaker to 
insert it. I should be glad if the author would make 
some observations upon this point and show whether 
the results of Mr. Duddell are conclusive or whether, 
as I suggest, the question of the traffic makes a wide 
difference.* The author’s unorthodox tripping device 
exhibited in one of the lantern slides is amusing, but 
is also probably very effective. 

Mr. W. Dundas: The author gives a very interesting 
explanation of the failures associated with the accidental 
earthing of the positive conductor, which I well recollect 
from experience some years ago on the Underground 
Railway, but at the time 1 was at a loss to account for 
the cause of the trouble. I regret that the author has 
not referred to the cable work and connections at 
crossings which proved a source of weakness in the 
early days, especially in winter after a fail of snow. 
The conditions at points and crossings present many 


* The sectionalizing now practised by the author will, of course, reduce the 
values of such pressure-rises and, having in mind the accumulative inductive 
effect due to the use of conductor rails of iron of reasonably high permeability 
and the fact that, for resistance reasons, its bulk (cross-section) has to be 6 or 
7 times that of an equivalent copper conductor, it would appear desirable, if 
such pressure-rises are found to recurrent in normal operation, to increase 
both positive and negative feeding points or to parallel the conductor rails 
with copper conductors bonded to their respective rails at, Say, 100-yard inter- 
vals. Probably the use of limiting resistance and high-speed circuit breakers 
at the substations would prove a less costly method. 
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difficulties owing to the close proximity of the con- 
ductor to the ground-level limitation of space—especially 
in congested sections—and the continual jarring due to 
passing traffic. It would have been of interest to know 
how the difficulties have been overcome, as no doubt 
they have been. I should like to ask the author whether 
the substations are run in parallel, or whether the line 
is sectionalized. 

Mr. G. A. Juhlin: The oscillograms showing the 
voltage surges experienced when interrupting a heavy 
current in a long feeder by means of fuses have given 
rise to a suggestion by one of the speakers that trouble 
might be expected from the use of high-speed circuit 
breakers through the very rapid action. High-speed 
breakers have been in use for a number of years in rail- 
way and tramway service without any trouble being 
experienced from surges. In some installations the high- 
speed breakers normally short-circuit a resistance, and 
the opening of the breaker inserts this resistance in the 
circuit, thereby limiting the current to about twice or 
three times normal current. This current is finally 
broken by an ordinary low-speed breaker. In recent 
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Mr. A. H. Waring : The author has referred to the 
electric burning of rails and has suggested that this 
makes them brittle. Is the effect any different from 
that of the ordinary one of burning on mild steel? I 
think I am right in saying that if a piece of mild steel 
be heated to 1200? C. its shock-resisting qualities are 
greatly impaired and cannot be regained by heat treat- 
ment. Presumably in electric burning the metal is actually 
fused localy, and the local rise in temperature would 
appear to be sufficient to produce a brittle spot in the 
material. The time during which the high temperature 
is maintained, however, would at first sight appear to 
be short for the ordinary effect of burning. However, 
the increase in rise of temperature might very well 
make up for the short time during which it is main- 
tained. 

Mr. G. F. Sills : Have any tests been carried out to 
show what sort of leakage takes place when the live 
rail is in contact with snow ? 

Mr. K. G. Maxwell: The author showed a diagram 
of a particular condition of the conductor rail, which 
he said occurred occasionally, showing very unequal 


D.C. amps. zero line 


D.C.volts zero line 


Fic. B.—D.C. short-circuit test on 2 600-kW, 1 500-volt, 50-cycle, 600-r.p.m. convertor with large-diameter commutator. 
Test-conditions :—D.C. voltage 1 500, external resistance 0:0033 oh:n (including cables). 


installations, however, the circuit is interrupted by the 
high-speed breaker direct. In either system the current 
may reach values many times normal before it is re- 
duced or completely interrupted by the high-speed 
breaker. I think it is likely that a high-speed breaker 
is better than a fuse, from the point of view of causing 
surges. Fig. B shows an oscillogram of the short- 
circuit current from a 1 500-volt rotary-convertor set, 
and it is of interest to note the absence of any ripples 
in thecurve. A fuse, however, generally causes consider- 
able high harmonic ripples, and I would suggest that the 
steep wave-front of these ripples may be responsible 
for the high voltages experienced. 

Mr. A. S. Barnard : One detail of the paper which 
interests me is the shearing of the insulators. Has it 
been clearly established that this is due to vibration 
from the passing trains or are the insulators weakened 
by any electrical action? The clean fracture of those 
insulators bears a strong resemblance to the shearing 
of the rails after electric burning. If it were purely 
the pounding action of the passing trains I should expect 
more crushing of the insulator, rather than a clcan shear. 
Have any experiments been made with insulators made 
of basalt ? This material has recently come somewhat 
to the fore. 


wear from the shoe. I should like to ask whether any 
observations have been made enabling him to connect 
this inequality of wear with the method of suspension 
of the conductor rail and the weight of that rail, as the 
vibration or frequency of vibration at certain points 
may be due to the stock itself passing this point at 
such speeds that the shoe synchronizes with certain 
harmonics in the suspended rail and develops the heavy 
local wear indicated in the diagram. Some work was 
done about 20 years ago by Prof. A. Barnes on the effect 
of track vibration on the corrugation of rails, and at 
certain speeds this effect of accentuated wear was trace- 
able to the above-mentioned cause. Heavy braking 
vibration might also bea cause. In either case, modifica- 
tion of the rail suspension might prevent this wear if due 
to this cause. The fractures caused by the burning of 
rails, shown in the lantern slides, appear to be due to 
fatigue cracks developing in the rail, with a point of 
origin where the high local temperature has pitted or 
“ burnt" the rail. This fatigue crack will be slow in 
growth, and final fracture may take place over quite a 
small residual cross-sectional area. Has the author 
attempted to prevent such failures by attacking the 
defect in the initial stages and, either by electric or 
oxy-acetylene welding, re-building the rail where it is 
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found to be initially damaged, thus saving the greater 
expense of replacements ? 

Mr. S. R. Mellonie : The oscillograms in the paper 
show pressure-rises of 3 000 volts for a fraction of a 
second on a 600-volt system. This is less severe 
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than the standard B.E.S.A. test for lt. switchgear 
(2000 volts for 1 minute), and if the apparatus is 
designed with a margin to withstand this test the 
author has no need to be alarmed at the pressure-rises 
observed. 


THE AUTHOR’S REPLY TO THE DISCUSSIONS AT LONDON, BIRMINGHAM AND MANCHESTER. 


Mr. A. R. Cooper (in reply): The discussion as a 
whole appears to indicate some general agreement with 
the conclusions mentioned in the paper and has, there- 
fore, been rather a means of providing additional in- 
formation than of calling for a lengthy reply from me. 

Mr. Roger Smith deals with several interesting matters, 
but I think that he does not raise any points which 
call for special comment from me, excepting the method 
adopted for fixing the insulators to the sleepers. In 
the old type of insulator there was a metal tripod base 
which had three coach screws for attachment to the 
sleeper ; with the modern type of insulator resting 
direct on the sleeper, metal clips are used, shaped to 
fit against the side of the insulating material, each clip 
being held to the sleeper by a 4 in. galvanized coach 
screw. Reference is made to the reduction of current- 
carrying capacity by putting the high-tension cables 
above ground. As the cables were originally installed 
in earthenware ducts as opposed to being buried direct 
in the ground, there would not be a reduction of carrying 
capacity to the extent mentioned by Mr. Roger Smith. 
The size of cables on the Underground Railways can be 
said to be determined more by voltage-drop than by 
current-carrying capacity. 

Sir John Aspinall refers to the early history of the 
Central London Railway and the question of vibration. 
It was certainly the view of the Committee that the 
vibration with locomotive traction arose from the irregu- 
larity of the rails. One cannot look upon the rail 
surface as being smooth; the rails when they come 
from the rolls are not quite straight, and they are then 
put through a cold straightening process which improves 
matters but cannot make them entirely smooth. Sir 
John suggests that the wheels were the cause of the 
trouble, whereas Mr. Stevens puts it down to the rail 
joints. I have no personal knowledge of the details 
of the tests taken now some 26 years ago, but the Com- 
mittee were certainly of the opinion that the rail surface 
was the cause, although they appear to have thought 
at first that it was the joints. Reference is also made 
to vibration reducing rather than accelerating corrosion 
on current rails. On the Underground Railways where 
traffic is more frequent, corrosion is greater and the 
suggestion was made in the paper that, as the only 
difference appeared to be more frequent vibration, 
this might be the cause. Sir John also refers to the 
heavy wear on track rails due to electric traction. This 
is a large subject and I purposely omitted it from the 
scope of the paper; a brief reference to the subject, 
however, may not be out of place. Harder material 
has been introduced, the rails being manufactured under 
the process of added silicon, under the sorbitic process, 
and of rolled manganese steel. The last material gives 
by far the best results, but it costs many times as much 


as the ordinary rail steel; its poor conductivity is a 
matter to be taken into account with electrified railways. 
On the Tube Railways we have been able to use Ferodo 
brake blocks, which have been most beneficial in re- 
ducing not only rail wear but tyre wear. Unfortunately 
the braking efficiency of these soft brake blocks varies 
with climatic conditions, and up to the present time 
they have not been found satisfactory for use on trains 
running in the open. 

Mr. Broughall appears to have been more fortunate 
than the Underground Railways in the use of electrolytic 
dischargers for preventing rises of potential. Maybe he 
used a different type, but with the several forms used 
in the experiments carried out by Mr. Duddell a case 
could not be made for their use on the Underground 
system. Mr. MacMahon refers to the same matter 
and it is interesting to have information relating to 
numerous experiments carried out in France. These 
experiments would appear to indicate that the use of 
condensers is beneficial and that some provision of this 
nature has been found necessary even for normal 
operating conditions on the lines upon which the experi- 
ments were carried out. Mr. Broughall favours the 
anchor insulator rather than a separate strain insulator 
for preventing movement of current rails. The strain 
insulator is cheap, is more direct in its action to resist 
movement of the rails, and additions to the number 
installed can be easily made to take account of special 
circumstances. Mr. Broughall and also Mr. Boulton 
have referred to the good conductivity obtained in 
conductor rails, but only in a few cases have their 
values been obtained on the Underground Railways. 
In considering conductivity the question of cost must 
naturally be taken into account for a full comparison. 

Reference has been made to the large number of 
insulators broken in the illustration given of renewal 
of current rails near Hammersmith. The insulators in 
question were of the old type and of a stoneware material ; 
there are other instances of such a large proportion of 
broken insulators, but they also relate to the old type. 
The modern type of insulator, whether composed of 
porcelain or of composition, shows much fewer breakages. 
Our records of insulator breakages do not indicate that 
there is any appreciable difference in the number of 
insulators broken where there are a large number of 
anchors provided as compared with where there are 
only a few. 

Mr. MacMahon refers to the effect of an electric burn 
on a track rail and mentions that bonding of track 
rails by welding is a standard practice which apparently 
has had no serious effects. I am glad that he has 
mentioned this matter, though the conditions are 
quite different from those mentioned in the paper. 
The welding of a bond on to the rail does not give so high 
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a temperature and so concentrated an effect as is pro- 
duced by an arc; further, the bonds are welded on to 
the rails at the joints and therefore at a place where 
a continuous support for the rail is provided by the 
fishplates. The welding is also on the head of the 
rail and is not of the same consequence as at the base. 

Mr. Stevens apparently favours the channel section 
of conductor rail. As pointed out in the paper, there 
are advantages and disadvantages to all the sections 
used. I have indicated that the flat-bottom section is 
less liable to overturning than the rectangular section, 
at the same time pointing out that the channel section 
is more stable in position than the rectangular. 
Weighing up the pros and cons for the Underground 
conditions, the balance of advantage appears to be in 
favour of the use of the flat-bottom rail. 

Mr. Brooking refers to the use of cab-tyre cable, and 
to lead-covered cables lasting on an average only about 
three years. It is not quite clear what are the severe 
conditions referred to for so short a life of cable. The 
average life of three years given by Mr. Brooking is 
certainly much shorter than that obtained on our rail- 
ways; in fact, some of the original lead-covered cables 
laid in ballast have not yet been replaced and have 
therefore been in service for some 26 years. My paper 
gives particulars of our practice with regard to replacing 
the lead-covered cables originally installed in ballast. 

Mr. Bartholomew emphasizes some of the advantages 
to be derived from the use of the insulated return. 
As mentioned in the paper, there are advantages in the 
use of this system, particularly in such places as the 
heart of London, but where traffic density is not so 
great the disadvantages, coupled with the increased cost 
for electrification, favour the earthed return. Mr. 
Bartholomew refers to requirementsissued by the Board 
of Trade in 1902. I understand the position to be 
that these regulations were drafted, but never officially 
issued. 

Mr. Forrest inquires whether the Underground Rail- 
ways have given attention to earthing the neutral star- 
point of transformers. Our transformers are delta- 
connected and therefore the particular arrangement 
to which Mr. Forrest refers could not be applied. 

Mr. Morton asks whether we have had trouble due 
to the unaccountable operation of protective gear 
owing to different earth potentials between two points 
of the system. At the present time only plain overload 
protection is provided on the high-tension feeders, and 
therefore we have no special experience with the con- 
ditions referred to. He also mentions excessive wear 
on certain rails. With the exception of the early days 
of the City and South London and Central London 
Railways, our records of excessive wear locally on 
current rails refer in all cases to the use of geared motor 
cars. Itis possible that Mr. Morton misunderstood my 
reference to the excessive wear being on current rails 
and not on track rails. 

Mr. Croft refers to the side-running and under-running 
collection of current. Such arrangements overcome 
the defects of the top-contact collection of current 
during sleet and snow. An alternative method adopted 
by some of the American Railways is to fit a wooden 
guard-board a little distance above the top of the top- 
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contact rail, and this arrangement gives, I understand, 
quite good results. I do not know to what extent 
consideration was given to these alternative methods 
of collection of current when the Underground Railways 
originally decided to install the top-contact method 
of collection, but such consideration would undoubtedly 
have been influenced by the fact that either of the alter- 
native methods would have been more costly: further, 
the question of clearances was an important factor. 

Dr. Garrard gives some interesting views on the rise of 
potential owing to faults and asks whether any experi- 
ments have been made in equipping motor coaches 
with a protective device. This was considered but 
was not proceeded with, in view of the large number 
of equipments that would have been necessary and 
owing to the results of the experiments in the sub- 
stations not being of an encouraging nature. 

Mr. Rawll refers to some of the measurements on 
individual sections showing the negative insulation 
resistance to be higher in some cases than the positive. 
It should have been pointed out in the paper that 
the readings were taken between each rail and earth. 
This would be the direction of flow of leakage current 
so far as the positive section is concerned, but would 
be in the opposite direction so far as the negative is 
concerned, and this method shows for the negative 
rail rather better insulation than in practice would 
obtain on account of osmotic effect. Mr. Rawll also 
asks with regard to leakage over the wooden separating 
pieces between sections of the track. I have not heard 
of any cases of current being transmitted across one 
of these sections as between a live and dead section. 
With regard to the use of steam for clearing the current 
rails of sleet and ice, this has not been tried on the 
Underground Railways but I was present at the tests 
carried out on the London and North-Western Railway 
in the London district ; in that case a jet of steam was 
thrown on the current rails and a rubber squeegee 
cleared off the water. I gathered that the experiments 
were not looked upon as being successful. Reference 
has also been made to wood-troughing protection as the 
alternative to armouring for high-tension cables. I 
have not given any careful consideration to this particular 
point, but the experience with the maintenance of timber 
protection planking to current rails, timber troughing 
for signal wiring, etc., certainly suggests that the use 
of timber in such a connection should be avoided 
wherever possible. 

Mr. Ferguson asks whether the Underground Rail- 
ways of London could be operated at 1500 volts, 
presumably retaining the conductor rails. He also 
refers to the question whether it is advantageous to 
use 1500 volts for suburban traction as compared 
with 600 volts, at the same time referring to overhead 
collection for 1500 volts as compared with track 
collection. I see no reason why the Underground 
Railways of London could not be run on 1 500 voits in 
place of 600, but several alterations with regard to 
clearance, protection and other matters would have 
to be worked out. Speaking generally as to the use 
of 1500 volts compared with 600 volts, it appears to 
me to be largely a financial question, the saving in 
cost due to fewer substations being required for 1 500 
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volts as against the increased cost of the train and 
other equipment caused by the higher voltage. With 
such a train service as is run on the Underground 
Railways, 600 volts is certainly preferable. With regard 
to the use of overhead or track equipment for 1 500 
volts, I have not worked out the comparative costs of the 
two equipments, but opinion in this country is certainly 
tending to the choice of overhead collection for the 
higher voltage; with 1600 volts on current rails 
adequate protection becomes essential, the standard of 
equipment would require to be higher, and permanent- 
way maintenance would certainly be hampered by the 
presence of this higher voltage. My remarks with 
regard to 600 volts being preferable on the Underground 
Railways can be taken as applying to suburban systems 
within restricted areas; at the same time, to avoid 
changes of potential for main-line running, the use of 
a higher voltage has distinct advantages. 

Mr. Burgess inquires whether we have found any 
differences in wear on the positive and negative collector 
shoes. Our records show that the wear on the negative 
shoes is much greater than on the positive, and that 
with allowance for the negative shoes being wider 
than the positive and due adjustment for the differences 
of mileages in contact, the positive shoes have about 
double the life of the negative. I gather from Mr. 
Burgess's inquiry on oscillation of cars that he is anxious 
to know whether the collection is in any way related to 
the rocking motion of the car. I know of no connection 
between the current-rail equipment and this oscilla- 
tion of the cars. The question of steady running of 
cars is quite apart from the subject of my paper; it 
is one on which numerous experiments have been carried 
out on the Underground Railways and is connected 
with several matters, such as the proper springs and 
correct proportions of bolster suspension links. Mr. 
Burgess refers to under-contact collection of current. 
This I have dealt with in my reply to Mr. Croft. 

Mr. Dundas refers to jumper cables. This matter is dealt 
with in the paper and in the reply to Mr. Brooking. The 
troubles which we experienced in connection with these 
jumper cables can now be looked upon as being overcome. 
With regard to the effect of snow on leakage of current, 
our substation records do not indicate that the presence 
of snow has any material effect in increasing leakage. 
In reply to Mr. Dundas's question as to the method 
of running substations, it is our practice to run them 
in parallel. This method was originaly common to 


all railways, but owing to the question of limiting 
rise of potential the low-tension side is divided at the 
present time into some three or four sections. Our 
low-tension system, however, is kept separate from those 
of other undertakings either by a gap longer than the 
distance between the connected shoes on trains or by 
the use of a train section with resistance feed. 

Mr. Barnard makes some reference to insulator 
breakage and the shearing nature of these fractures. 
I do not consider that these breakages are in any way 
connected with an electrical effect. With regard to 
the pounding, this action is caused not by the passage 
of the shoes over the rail but by trains depressing 
individual sleepers, this giving rise to a downwards and 
upwards motion of the insulator with regard to the 
under side of the conductor rail. The composition 
insulators referred to in the paper as now being tested 
are basalt insulators. 

Mr. Maxwell calls attention to the inequality of wear 
on conductor rails, presumably the difference of wear 
within rail lengths. I do not think the cause of this 
wear can be looked upon in any way as similar to the 
corrugation and battering wear that takes place on 
track rails ; as stated in the paper, I am unable to give 
a cause for the special wear referred to. 

Both Mr. Maxwell and Mr. Waring refer to the effect 
of electrical burns on rails. Experiments were carried 
out in annealing the rails that had been electrically 
burned; annealing had some small effect but it in no 
way restored the strength of the original rail. Further 
experiments were carried out of the effect of electrical 
burns on mild steel, the tests being made on conductor 
rails. The results are given in Appendix 6, from which 
it will be seen that the effect of electric burns is small 
as compared with the effect on hard steel rails. 

Mr. Mellonie refers to Mr. Duddells oscillograph 
records which indicate the rise of potential of about 
3000 volts and which apply only for a fraction of a 
second. He calls attention to electrical equipments 
being tested on 2 000 volts for at least 1 minute, and 
suggests that a momentary rise of potential to 3 000 
volts should not cause breakdowns in the equipment. 
I am inclined to think that the rises of potential in some 
cases are much in excess of those shown on Mr. Dud- 
dell's oscillograph records, as it has been found necessary 
in recent train equipments to increase the insulation 
of coils and other parts much in excess of what is 
required for the 2 000-volt test. 
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THE MEASUREMENT OF THE RATIO AND PHASE DISPLACEMENT 
OF HIGH ALTERNATING VOLTAGES.* 


By B. G. CHURCHER, Associate Member. 


(Paper first received 15th September, and in final form 17th November, 1926.) 


SUMMARY. 


The paper describes null methods of measuring the ratio 
and phase displacement of two alternating voltages. The 
methods are particularly applicable to high voltages and 
are discussed in connection with the testing of power 
transformers and potential transformers. An important 
feature is the use of a capacitance potential divider in 
place of the resistance type of potential divider which ‘has 
hitherto been used. Capacitance potential dividers possess 
considerable advantages over those of the resistance type 
from the point of view of simplicity and low cost of 
equipment and ease of operation, while the accuracy can 
be made as high as is desired. The maximum voltage at 
which the use of resistance potential dividers is practicable 
is of the order of 30 kV, whereas there is practically no limit 
to the voltage at which capacitance potential dividers can 
be used. The theory of a method of measuring the ratio 
and phase displacement of transformers is given and the 
operation of the method is illustrated by a test on a 
66 000-volt potential transformer. Suggestions are made 
for the developing of an apparatus for routine industrial 
testing and it is pointed out that a robust construction and 
adequate safety to the operator could be secured while 
retaining ample accuracy for commercial purposes. The 
use of a tapping on the secondary winding of a high-voltage 
testing transformer for the purpose of operating a wattmeter 
or voltmeter is considered, and a method of determining the 
ratio and phase displacement of the full and fractional 
voltages is given. The testing of high-voltage potential 
dividers is also briefly considered. 
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INTRODUCTION. 


The growing use of extra-high voltages for power 
transmission has given rise to a need for adequate 
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methods of measuring these voltages and other quantities 
in which extra-high voltages are involved. Attempts 
to deal with these problems by extending the range of 
existing methods, which have been devised for use at 
low or moderate voltages, are seldom successful. Many 
of the low- or moderate-voltage methods involve assump- 
tions which may be sufficiently valid for those voltages 
but are not valid under extra-high-voltage conditions. 
An important measurement in high-voltage work is the 
determination of the ratio of the R.M.S. values of two 
voltages and the phase displacement between them. 
Examples of the applications of this measurement wil 
now be given. 


INDUSTRIAL TESTING. 


The checking of the ratio of primary and secondary 
voltages of power transformers is an essential manu- 
facturing test. Transformers of low or moderate 
working voltage present no difficulty, but for high 
voltages no satisfactory method is available. A pro- 
cedure which is often adopted is to measure the ratio 
at a fraction of normal working voltage and to assume 
that the ratio so obtained holds for full voltage. While 
this assumption may be sufficiently valid for most 
power transformers, there is some doubt as to its 
validity in certain cases. 

The principal function of a potential transformer is to 
produce a secondary voltage which bears a definite ratio 
and phase relation to tbe applied primary voltage. The 
checking of the ratios of such t.ansformers is therefore 
an essential manufacturing test. The accuracy to which 
it is necessary to determine the ratio depends upon the 
purpose for which the transformer is to be used. For 
the operation of indicating instruments of the switch- 
board type a high degree of accuracy is unnecessary, 
but for integrating watt-hour meters, which are used 
to determine charges to be made for electrical energy, a 
good accuracy is desirable, especiallv in the case of large 
meters. If a potential transformer is to be used in con- 
junction with instruments of the ‘ portable precision ” 
type for testing work, the accuracy of the ratio determi- 
nation should be comparable with the accuracy of which 
the testing instruments are capable. If a determination 
of the ratio of a potential transformer is made for use 
in an important test where a considerable sum of money 
may be involved in the result, the highest practicable 
degree of accuracy should be aimed at in order to 
eliminate from the test all question of uncertainty in 
ratio. The phase displacement of potential transformers 
is, of course, of no consequence in the operation of 
voltmeters, and its effect can be neglected for indicating 
switchboard wattmeters and power-factor meters. The 
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phase displacement is hardly worth considering for 
integrating watt-hour meters used to determine charges 
for energy, unless the power factor of the load is low. 
In the case of important tests where the best accuracy 
is desired, no possible source of error should be left 
unconsidered. There has been a tendency in the past 
to assume that in important tests in which instrument 
transformers are involved, it is essential to allow for the 
phase displacement of current transformers but that 
the phase displacement of potential transformers may 
be safely ignored. This assumption is not always 
justified. It must be remembered that a given phase 
displacement produces the same error whether it is 
located in a current or a potential transformer. While 
the phase displacements under normal conditions are, 
in general, smaller in potential than in current trans- 
formers, they are not by any means negligible for 
accurate testing. A potential transformer of quite good 
design may have a phase displacement of 0-3?. For 
measurements made at unity power factor the error 
due to ignoring the phase displacement is quite negli- 
gible, but at 0-5 power factor the error is nearly 1 per 
cent. To sum up, all industrial requirements, including 
calibrations for the most accurate testing, would be 
amply met by a method which gives ratio to within 
0-1 per cent and phase displacement to within 0-05°, 
since such values would produce no observable effect on 
the indications of the most accurate commercial 
instruments. 


RESEARCH WORK. 


In using an electrostatic wattmeter for the measure- 
ment of dielectric losses, it is generally expedient to 
apply a known fraction of the testing voltage, instead 
of the whole voltage, to the needle of the wattmeter in 
order to avoid the difficulty of constructing an instru- 
ment for very high voltage. This is done by taking a 
tapping from the secondary winding of the supply 
transformer. The wattmeter is then used on the con- 
dition that the ratio of the voltage on the tapped-off 
portion of the winding to the voltage on the full winding 
is known and that the phase displacement between the 
two voltages is zero. A given percentage error in the 
ratio causes the same percentage error in the watt 
measurements, but a quite small phase displacement, 
unless allowed for, may cause enormous errors in the 
watt measurements owing to the very low power 
factors that are commonly encountered when testing 
dielectrics. For instance, in testing a material of 
power factor 0-01, such as ebonite, a phase displacement 
of only 0-1? would cause an error of 18 per cent. If 
the ratio of the full voltage to the tapped-off voltage is 
not large, it is often possible to conclude, from a con- 
sideration of the design of the transformer, that the 
phase displacement is negligible. But when the ratio is 
large, the calculation of the phase displacement becomes 
very complex and uncertain. In such a case the only 
satisfactory procedure is to measure it. The general 
method to be described can be applied to the case of 
tapped-off voltages, as will be shown later. 

In connection with the electrostatic wattmeter and 
other instruments, high-voltage potential dividers exter- 
nal to the supply transformer are often used instead 


of tappings on the transformer winding. These poten- 
tial dividers usually consist of a series of resistances 
or capacitances of a high degree of purity and designed 
to operate at the full testing voltage, the fractional 
voltages being obtained by suitably located tappings. 
The design of these potential dividers has not yet been 
developed to such a degree that they can be assumed 
to be without appreciable phase displacement. A 
method of testing their phase displacement and ratio is 
therefore useful. 

For research work there is not much to be gained by 
an accuracy greater than 0-1 per cent in ratio determina- 
tions, but it is useful to be able to determine phase 
displacements to 0-01°. 


DESCRIPTION OF METHOD OF MEASUREMENT. 


We can first consider the measurement of the ratio 
and phase displacement between the high- and low- 
tension voltages of a high-voltage transformer, the 
high-tension winding being taken as the primary. The 
necessity for considering the accurate measurement of 
the ratio and phase displacement of high-voltage 
transformers arose in the latter part of 1924 when the 
Metropolitan-Vickers Electrical Co. desired to increase 
their facilities for the testing of potential transformers. 
A null method was first devised, involving the use of 
resistance potential dividers, the method being similar 
in all essentials to that recently described by the Bureau 
of Standards.* 

The main source of error in the use of resistance 
potential dividers at high voltages is the impurity 
caused by capacity to earth. The design of the appa- 
ratus was considered in some detail and it soon became 
evident that while voltages up to 20 or even 30 kV 
could be dealt with satisfactorily, serious difficulties 
would be encountered at higher voltages. In the 
meantime, owing to the rapid development of high- 
tension power transmission, the consideration of a test 
method for voltages of over 30 kV became necessary. 
As a result of experience in the use of high-voltage air 
condensers in dielectric-loss measurements, it was 
thought that the use of some form of capacitance 
potential divider would be advantageous, on account of 
the much greater degree of purity obtainable with such 
potential dividers compared with the resistance type. 
The method described below was therefore devised by 
the author. Referring to Fig. 1, the high- and low- 
tension windings of the transformer to be tested are so 
connected that the applied h.t. voltage acts in the same 
sense as the induced l.t. voltage, as shown by the arrows. 
The junction of the two windings is earthed, thus 
bringing one end of the h.t. winding to earth potential, 
the condition under which most high-voltage trans- 
formers operate. Two condensers, C, and Ce, are con- 
nected in series across the transformer windings. C4 
is a standard air condenser of accurately known value 
and sensibly zero power factor, capable of withstanding 
the full h.t. voltage. A parallel plate condenser with 
guard ring is shown in the diagram, but in practice a 
more generally convenient type is the Petersen con- 
centric cylinder condenser.[ A condenser of this type 


* Scientific Papers of the Bureau of Standards, No. 510, 1926. 
t W. Petersen : ` Hochspannungs Technik,” p. 92. 
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of 100 pF capacity and capable of operating at 150 kV 
has been fully described in connection with the measure- 
ment of dielectric losses.* The power factor of this 
condenser can be taken as not greater than 0:0001 at 
voltages up to 130 kV and may therefore be considered 
a pure capacitance. C, is a variable condenser capable 
of withstanding the l.t. voltage of the transformer with 
a good factor of safety. Since the ratio of the trans- 
former under test will, in general, be large, Cg must be 
large compared with Cy. C, may therefore consist of a 
variable air condenser for values up to about 1 200 pF. 
For larger values, C, can consist of a good-quality fixed 
mica condenser or condensers in parallel with a variable 
air condenser for adjustment. Since the power factor 
of a mica condenser may be appreciable, it is not 
assumed that the power factor of Cg is zero in what 
follows. A lead is connected to the junction of the 
two transformer windings and to this is connected the 
secondary winding of a mutual inductance M, a vibra- 
tion galvanometer G in parallel with a variable shunt 


Hich-tension 


Winding 


Supply ——. ————-. 


3 
| 
: 
2 


<j Low-tension 
i3] winding 
| 


Fic, 1. 


Sı, and a switch A. The primary of M is connected 
through a non-inductive resistance Q, which is large 
compared with the reactance of the circuit, across the 
lt. winding of the transformer under test. Both M 
and Q may be made variable or one of them may be 
fixed. M, G, S and Cg are provided with screens. The 
lead connecting Cı and Cg is also screened. All the 
screens and the guard ring of C, are connected together 
and to earth through the secondary winding of an 
auxiliary mutual inductance '" m." The primary winding 
of m is connected in series with that of M and with Q. 
The switch A is provided in the galvanometer circuit so 
that when thrown over to contact 2 it enables the 
galvanometer circuit to be temporarily connected 
between the point E and the screens. 

In using the method the following procedure is 
adopted. "Voltage is applied to the h.t. winding, its 
value and that of the frequency being conveniently 
observed on a voltmeter V and a frequency meter F 


* B. G. Cuurcner and C. Daxnatr World Power, 1926, vol. 5, p. 238. 
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connected to the lt. side. With the switch A on 
contact 1, Cə and M are adjusted until zero deflection is 
obtained. The switch is then thrown over to contact 2 
and ‘‘m’’ is adjusted until zero deflection is again obtained. 
The switch is replaced on contact 1 and a final balance 
obtained by adjusting Cə and M. Now, since balance 
has been obtained with the switch in both positions, it 
is clear that there is no p.d. between the galvanometer, 
shunt, switch, lead from C, to Cə and the inner electrode 
of Cı, which are all at the same potential, and the 
screens and guard ring of Cj. Hence, although a stray 
capacitance exists between the guard ring of C, and 
the inner electrode and between the screens and the 
apparatus they surround, this capacitance has no effect 
on the main balance, since no p.d. exists across it. 
The galvanometer and associated apparatus and leads 
are therefore effectually screened from stray electric 
fields without the values of Cı and Cə being disturbed. 
It may be pointed out that the use of the auxiliary 
mutual inductance '' m " is an unnecessary refinement in 
most practical cases. If the screens are connected 
directly to earth, the p.d. between them and the appa- 
ratus they surround is only that induced in the secondary 
winding of M, which is of the order of a few volts. The 
p.d. gives rise to a small stray capacity current. If 
this current is negligible compared with the current 
through C, and C5, which is usually the case, its effect 
upon the main balance is negligible. This point is again 
referred to later. 

It wil be noticed that with the present network, 
the p.d. between primary and secondary windings of 
M is very small, thus avoiding possible capacity currents 
between the windings. In using a high-voltage con- 
denser in series with a second condenser without appre- 
ciable leakage, a discharge in the high-voltage condenser 
may cause a high static p.d. to accumulate across the 
second condenser. In the present network, the path 
through the galvanometer and lt. winding of the 
transformer prevents any accumulation of charge 
on Co. 

Instead of using a mutual inductance to obtain the 
balance for phase displacement, it would be possible to 
use resistance in conjunction with C; or Cg. A 
resistance in parallel with C4 would be impracticable 
and one in parallel with Cə inconvenient on account of 
the high value that would have to be used. Hence a 
series resistance would be used in practice and would be 
added to the earth-potential side of one of the con- 
densers. To which condenser the resistance would be 
added would depend upon whether the h.t. voltage was 
leading or lagging with respect to the lt. voltage, that 
is, to which winding the testing voltage was applied. 
The presence of resistances inside the earth screen would 
give rise to increased stray capacitance and would make 
it impossible to obtain zero potential between the 
screens and all the apparatus they enclose, owing to 
phase differences. It is considered that the mutual- 
inductance method is the more accurate, flexible and 
convenient. 


DERIVATION OF EXPRESSION FOR PHASE DISPLACEMENT. 


In deriving an expression for the phase displacement 
it is assumed that M is a pure mutual inductance and 
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that the phase displacements to be measured are small. 


The vector diagram for the circuit is shown in Fig. 2. 


high- and low-tension terminal p.d.’s 
respectively. 
dé = phase displacement between them. 
AM = setting of the mutual inductance at 
balance. 
R = total resistance of the primary circuit 
of the mutual inductance. 
L = total inductance of the primary circuit 
of the mutual inductance. 

90 — 6 = phase displacement between E»; and 
the secondary e.m.f. of the mutual 
inductance. 

i = current in the primary circuit of the 
mutual inductance. 

I = current in Cy and C» at balance. 

6 = loss angle of the condenser C3. 


Let E and E» = 


Referring to Fig. 2, OO is the low-tension e.m.f. leading 


the high-tension e.m.f, RQ, by (180 +¢) degrees. 
RN is the p.d. across Cy and NO that across Cə, the 
vector sum of these p.d.'s being necessarily equal to that 


C, +0, 1C 


| (seme 3] i (C2 x {( 


of E, and E». At balance the currents in C, and C? are 
equal. The current vector is drawn in quadrature 
with RN, since C4 is a pure capacitance. NO is dis- 
placed from the current by an angle (90 — 6), where 6 
is the loss angle of C». The vector NX is equal to Ir, 
where r is the effective series resistance of Co. OY is 
the current in the primary circuit of the mutual 
inductance, displaced from E» by arc tanwL/R. QN 


tan $ = 


is the e.m.f. induced in the secondary of the mutual 

inductance at balance and is in quadrature with OY. 
Now tan = —— 
$ = 5g 


Also cos f = cos (a — 8) = cosa cos ò + sin a sin Ó 


I 2 + 
d Y Mi Ji 
w M3 cos 6 L (zo; cos 5) (wi cos 8) ; 
z—— —  —— cos 84- sin à 
I I 
«C» cos Ó cC» cos à 


With a reasonably good condenser for C», 5 will be a 
very small angle, so that cos can be taken as equal 


to unity. 
Therefore 
2: w? A 
cos g- ec = m | { 1— (gone eet) y = 21 sin J 


Let the vector RN be produced until it intersects OQ 
at T. Let the vector NT be denoted by A. Let a line 
perpendicular to OQ be drawn passing through the 


point N. Then we have 
_ wMi cos Ü 
~ cos (a — 8) 
1 
= cata) Fe] 
+ wMi cos Ü I 
Now I 
| $23 
NT -- NR : ( wC 
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NR 
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2 ; I us 
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"o 
aA 
wMi cos o(4+—~) 
Cy 
Hence tan d= 


| (4?- (wMi cos 0)? | —wMi sin 0A 


Substituting for A and simplifying, we have 


Isind 4? x 
w? Mi cos m) = {Cy sin 9) } 


Isinà X? S melt)’ s 
n) — (CS sin ò)? y ) Jo tan 0 


(1) 


The current i is equal to Eof(w?l? + R*)}. 
Also I = w(C, cos 8{(F2 — «Mi sin 6)? + (wMi cos 6)*}4 


Putting cos 6 = 1, we have :— 


— Msin g 4 (M cos | 


I =w ic] { ( L? + j 
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Substituting for J in equation (1) and simplifying we have 


[e+] s 
1 tz yep sin 8 - oe 


2 — 
M cos a RR 


Since sin 6 will always be small, we can write 


Cy 
1+ 


gs Se ne SS ee 
ET 2 zd 
"m R 
"Kc See J ar) TA t lasin o n RCo 


If wL/R does not excecd 0-05, the following expression 
can be used without appreciable error :— 


Ww M 


tan ġ = E 


(1+ g) + sind 6 (8) 


Since so large a phase defect as tan d = 0:05 in the 
primary circuit of M is permissible, it is clear that any 
small impurity in M may be entirely neglected. 

The sensitivity for phase displacement of a given 
set-up can be arrived at in the following way. Let 
the setting of the mutual inductance be changed by 
AM. The e.m.f. induced in the secondary winding of 
the mutual inductance is 


Ew 
(wl? + EN 


AM . wi = AM 


Since l/(wC,) will generally be very large compared 
with the impedance of the high-tension winding of the 
transformer under test, and since, similarly, 1/(w(C,) 
will be very large compared with the low-tension winding 
impedance, the effect of these impedances may be 
neglected. Hence if |, and lm are the inductances of 
the shunted galvanometer and mutual secondary 
winding, r and r4 the respective resistances, © the 
galvanometer sensitivity in mm per microampere and 
d the deflection, then 


d = A (tan 9) - 


When the impedance of the galvanometer circuit is 
small compared with that of the external circuit, the 
deflection is sufficiently nearly given by 

d = A(tand)E,SoCs x 106mm . . (4) 
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VOLTAGE RATIO. 
Let R be the voltage ratio of the transformer. 


Then R = — = —=*—_ = = 


. 24 4 
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Substituting for A and I, this reduces to 


€ COS rcs R san 6) i j (5) 


In most practical cases, the ratio is sufficiently nearly 
given by R = C2/C,- 


E 106 


| {ou (lj + ly) — ie cus y + {r+ "y ] (1 + E 


With regard to the sensitivity for ratio measure- 
ments, it can be shown that if C, is changed by 
a small amount AC», the galvanometer deflection is 
equal to 
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In most practical cases the impedance of the galvano- 
meter circuit will be negligible compared with that of 
the external circuit. In this case the expression re- 
duces to 

d = ACz. SwE x 105mm . . . (6) 


The effect of wave-form on the method may be noted. 
Owing to the selective property of the galvanometer, it 
remains undeflected by harmonic currents. The method 
therefore gives the ratio and phase displacement of the 
fundamental components of E, and E, If the applied 
testing voltage is sinusoidal, no appreciable error will 
arise, because the reproduction of the primary wave- 
form in the secondary winding of an unloaded power 
or potential transformer is so exact that no appreciable 
barmonics will be present in the secondary e.m.f. Even 
if the testing voltage is moderately distorted, the pro- 
portion of harmonics to fundamental on both primary 
and secondary sides will be closely similar, owing to the 
exact reproduction. Hence the ratio and phase dis- 
placement of the fundamentals will not differ appreciably 
from those of the whole waves. 

If the transformer is tested under the conditions 
assumed, that is, with the testing e.m.f. applied to the 
high-tension winding, the transformer will carry a 
nearly non-inductive load on the low-tension side. 
Since wL will always be small compared with R, the 
load may be considered non-inductive and equal to 
E*|R. The no-load ratio and phase displacement can 
be obtained by taking observations with different non- 
inductive loads and extrapolating to zero load, the load 
being varied by connecting a non-inductive resistance 
across the lt. winding. A transformer can, of course, 
be tested under any desired load conditions by con- 
necting suitable impedances across the l.t. winding. 

If the testing e.m.f. is applied to the l.t. side, the 
condenser C, constitutes a load on the h.t. side. The 
effective capacity of this condenser, so far as load is 
concerned, includes that of the outer cylinder to earth 
and to the guard ring, in addition to the normal capa- 
citance. Denoting this capacitance by C,, the load is 


wC,E; volt-amperes. With a small transformer this 
load may amount to an appreciable fraction of its 
rated output. If it is desired to find the no-load ratio 
and phase displacement, the h.t. load can be varied 
by connecting additional known capacitances across the 
h.t. winding. By taking readings at various loads and 
extrapolating to zero, the no-load conditions can be 
found. A few condenser terminals of measured capaci- 
tance form a convenient means of obtaining a variable 
load. 


EXAMPLE OF TEST ON A HIGH-VOLTAGE POTENTIAL 
TRANSFORMER, 


In order to make a trial of the method of measure- 
ment, a series of tests was carried out on a potential 
transformer having a nominal ratio of 66 000 to 110 volts. 
The transformer was rated at 200 VA. We can first 
consider the set-up used and estimate the sensitivity. 
C, consisted of the concentric-cylinder air condenser of 
100 uuF capacity already mentioned. As the nominal 
ratio of the transformer is 600, C2 is 0-06 pF. This 
was obtained by using a high-grade three-dial variable 


mica condenser in parallel with a variable air condenser. 
The combination could be set to within 5 up,F without 
difficulty, giving a fineness of adjustment of 1 part in 
10000 for C,. The effective power factor of C,, or 
sin 6, did not exceed 0-00026. For M a fixed astatic 
mutual inductance of 144 mH was used. Adjustment 
of the phase displacement balance was obtained by 
varying R. Using a vibration galvanometer shunted 
to give a sensitivity of 20 mm per pA, the deflection 
for A(tand) = 0-0001 is equal to 4:1 mm. This 
sensitivity is ample. The estimated sensitivity for 
ratio is such that a change of 1 part in 10 000 in C, 
will give rise to a deflection of 3:5 mm. For ordinary 
testing, sensitivities of one-tenth of these amounts 
would be sufficient, but the present sensitivities are 
suitable for testing the limits of accuracy of the 
method. The various constants of the set-up were as 
follows :— 


C; = 100-0 + 0-1 pyF. 

M = 144:, mH. Phase defect not greater than 0-0002 
at 50 cycles per sec. 

162-5 mH. 

0-05uF step 0-0498; at 20°C. Power factor 
= 0-0002 (N.P.L. calibration). 

0-0l uF step 0-01005) at 20°C. Power factor 
= 0-0006 (N.P.L. calibration). 


L 
C, 


I d 


Total capacitance = 0-0599, F at 20° C., plus setting 
of variable air condenser. If C, and p, are the respective 
capacitance and power factcr of the different sections 
of a multi-range condenser, the power factor of the 
combination at any setting is 


(Cr . Pn) t» 
206 


In the present case, sin Ò = 0-0002,. 

During the test the frequency was 50-0 + 0-2. There- 
fore w = 314. The lowest value of R in any test was 
3800 ohms. The maximum value of tan Ó is therefore 
0.0134. We may therefore employ equation (3) for 
calculating the phase displacement. 

The first test was carried out by applying the testing 
voltage to the h.t. winding. A few thousand volts was 
first applied to enable the correctness of the connections 
to be checked. The voltage was then raised to full 
value, as shown by a voltmeter on the l.t. side indicating 
110 volts. No difficulty whatever was experienced in 
obtaining consistent balances for ratio to within 2 parts 
in 10 000. Balance could be obtained momentarily to 
about 5 parts in 100 000, but inconstancy of supply 
voltage prevented consistent readings being obtained 
to this accuracy. Moreover, there are other and greater 
sources of error. The phase displacement of this parti- 
cular transformer was found to be very small, the 
lowest value for R in this test being 45 000 ohms. The 
load due to the primary circuit of M was therefore quite 
negligible. The voltmeter was of 6 000 ohms resistance 
and therefore occasioned a load of 2 VA. Readings 
were taken at various non-inductive loads up to 213 VA. 
It was found that the connections to M had to be 
reversed at about half full load, indicating a change in 
the sign of ¢. The sign of M at any observation was 
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obtained by tracing out the connections and the relative 
directions of the primary and secondary turns of M. 

The results of this test are shown in Fig. 3. It will 
be seen that the phase displacement points lie on a 
straight line, the maximum deviation of any point 
being about tang = 0:00006 or 0-2’ of arc. The 
maximum phase displacement, which occurs at no 
load, is only arc tan 0-0010,, which is remarkably good. 
The reason for the change in tan ¢ being so small and 
closely linear is that the load, viz. 200 VA, is small for 
the dimensions of the transformer. The dimensions of 
such high-voltage potential transformers are settled 
more from considerations of insulation than of output. 
The change in sign of the phase displacement is mainly 
due to the reactance of the transformer, which is con- 
siderable owing to the space between windings required 
for the high-voltage insulation. Turning to the ratio 
observations, it will be seen that the no-load ratio is 
603-6 and the full-load ratio 604:,,, giving ratio errors 
of + 0:699 and + 0-893 per cent respectively. (The 
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Fic. 3.—Test on 66 000/110 volt, 50-cycle potential trans- 
former. Voltage applied to h.t. winding; nominal 
ratio = 600. 


last two figures are dropped because the absolute 
accuracy of the measurement does not exceed + 0-1 
per cent, although the relative accuracy for different 
loads is much greater.) It will be seen that individual 
points do not deviate from the mean curve by more than 
2 parts in 10000. Like the phase displacement, the ratio 
changes very little with load, for the reason already given. 

As a matter of interest, the test was repeated with 
the testing voltage applied to the lt. winding. The 
load applied to the h.t. side was varied by adding some 
condenser terminals. At each load the value was 
checked by measuring the current in the h.t. winding 
of the transformer at the earthed end. In this way it 
was found that the high-voltage air condenser consti- 
tuted a load of 490 VA, giving a capacitance of 360 pyF. 
The condenser terminal of the transformer and its own 
internal capacity accounted for a load of 540 VA. 
Owing to the greater loads involved in this test, much 
larger phase displacements were observed. On account 
of this, the voltage between the screens and the appa- 
ratus they surrounded was much greater than in the 
previous test. The maximum value was 1-3 volts. 
An auxiliary mutual inductance 'm"',for eliminating this 


p.d., was not used in either test as a suitable instrument 
was not available. It was therefore thought advisable 
to investigate this source of error. The following plan 
was therefore adopted. It was estimated that the total 
stray capacitance to the screens was approximately 
400 uuF. A quartz-insulated variable air condenser 
was connected between the point P (Fig. 1) and earth. 
By this means the total stray capacitance could be 
increased from 400 to 1 600 uuF and the effect of the 
increase observed. No change in C$ was necessary to 
maintain balance when the stray capacitance was 
increased, but the setting of R was appreciably affected. 
From observations of E for the two values of stray 
capacitance, R for zero stray capacitance was calculated. 
The maximum correction to the phase displacement at 
any load was tan $ = 0-0001,, so that the effect of the 
stray capacitance, even when observing phase displace- 
ments of the order of 1?, is almost negligible. 

The results of this test are shown in Fig. 4. Owing 
to the fact that observations cannot be made at a 
smaller load than 540 VA, the extrapolation to obtain 
no-load conditions is rather large. However, as this is 
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Fic. 4.—Test on 66 000/110 volt, 50-cycle potential trans- 
former. Voltage applied to l.t. winding; capacity load; 
nominal ratio = 600. 


not a condition under which potential transformers 
have normally to be tested, it is not a matter of any 
consequence. A test with voltage applied to the lt. 
winding would be required in determining the ratio of 
a testing transformer, but as most high-voltage testing 
transformers are much larger than the transformer con- 
sidered here, the load of 540 VA would be small com- 
pared with the rated output, which is seldom less than 
5 kVA. Hence with transformers of that size, no large 
extrapolation would arise. In the present transformer, 
the ratio for zero external load comes to 602: and for 
an external capacity load of 200 VA, 603-,. The 
tangents of the phase angles for these loads are 0-0019 
and 0:0039 respectively. 

In attempting to assess the overall accuracy of these 
tests, it is unfortunate that no means exists of varying 
Cı so that observations could be made with different 
values of C, and C». However, the value of Cj, being 
calculated from the dimensions of the condenser, cannot 
be liable to serious error. It is thought that the 
uncertainty in Cı does not exceed + 0-1 per cent. 
However, it is this uncertainty which sets a definite 
limit to the accuracy of the ratio measurements. The 
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possibility of impurity in C, has been referred to early 
in the paper. The impurity is entirely negligible at 
66 000 volts. The value of Cs was obtained from an 
N.P.L. calibration made 14 months before the date of 
the tests. It is possible that some change may have 
taken place but it is not likely to be large. In any 
case it is a source of error that could be eliminated by 
a re-calibration. The effect of the power factor of Co 
is seen to be very small—it amounts to a correction 
to tang of 0-0002,. Any uncertainty in this quantity 
could also be eliminated by re-calibration. The value 
of M is not in doubt by more than 0-1 per cent, nor 
are the values of R. The impurity of M is quite 
negligible and also that of R. Probably the largest 
source of error in the phase-displacement measurements 
is the unsteadiness in frequency and voltage. The 
former was of the order of 0:4 per cent. 

In arranging the set-up, particular attention was 
given to the screening. The lead from the low-potential 
electrode of Cı was brought through an earthed metal 
pipe into an earthed metal enclosure, in which all the 
other apparatus except the transformer was placed. 
The observations were taken inside the enclosure. 
Hence ali low-potential leads and apparatus were 
effectually screened from any stray electric fields. The 
screens incorporated in the resistance boxes and in 
Co were, of course, suitably connected. The effect of 
stray capacity between low-potential parts and the 
screens has been shown to be very small and has been 
corrected for where it is appreciable. 

There is one possible source of error which may be 
considered. In a high-voltage transformer of the type 
tested, in which the h.t. winding is arranged concentrically 
outside the l.t. winding, a distributed capacity current 
wil flow between and through the windings. Some of 
this current may flow through the primary circuit of 
M in addition to the normal current. A rough calcula- 
tion shows that the resultant error in phase-displacement 
measurements will be of the order of tan $ = 0-000003, 
which is quite insignificant. 

The method is obviously one to which no direct 
check can be applied, but if no sources of error have 
been overlooked the error in the ratio measurements 
will not appreciablv exceed that in the value assumed 
for Cj, or + 0-1 per cent. The error in the phase dis- 
placement for angles not exceeding 1° or tan ġ = 0:0175 
should not exceed tan ġ = 0-0002. The condenser C, 
was not constructed to have a specially high accuracy 
in regard to capacitance, but a more accurate condenser 
could be constructed if there were any advantage in 
doing so. With Ce accurately calibrated for capacitance 
and power factor, greater galvanometer sensitivity, the 
auxiliary mutual “‘m’’ added, and with a very steady 
source of supply, a considerably increased accuracy 
could be attained, approaching that claimed by the 
Bureau of Standards, namely, 1 part in 10 000 in ratio 
and 0-0001 in tan ¢, although, in the author's opinion, 
an accuracy in ratio exceeding 5 parts in 10 000 is 
hardly worth striving for. 


OUTLINE OF PROPOSED SET-UP FOR ROUTINE TESTING. 


With suitably designed apparatus, the method 
described could be conveniently applied to the routine 
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testing of the ratio of high-voltage power transformers 
and the ratio and phase displacement of high-voltage 
potential transformers. Ample sensitivity could be 
obtained with a robust portable galvanometer which 
is now on the market. The l.t. voltages of modern 
power transformers are frequently as high as 6 600 
volts or more, so that the design of Cə would have to 
be carefully considered. A condenser consisting of 
metal plates immersed in oil and variable in a few 
steps could be used, fine adjustment being obtained by 
a variable oil-filled condenser in parallel. The whole 
unit for Co could be enclosed in one metal case, which 
would act as an electrostatic screen and would be per- 
manently earthed, thus affording adequate protection 
to the operator. The unit for C9 would require a well- 
insulated lead-in terminal, but the capacitance and 
dielectric loss in this terminal would not enter into the 
Measurement, as the terminal would be mounted on 
the earthed metal case. As has already been pointed 
out, the galvanometer and mutual inductance are sur- 
rounded by an earthed metal screen and are, in any 
case, at earth potential. In order to avoid high power 
loss and constructional difficulties in O, the primary 
circuit of M could be fed from a suitably designed 
step-down transformer instead of being connected 
directly across the lt. winding. The error introduced 
by the step-down transformer could be made quite 
negligible. In the foregoing discussion only single- 
phase transformers have been considered. With star- 
connected three-phase transformers, each leg could be 
tested separately. This would give the ratio and phase 
displacement of the phase voltages. Whether any 
magnetic or electric asymmetry in the transformer 
would give rise to appreciable error in deducing the 
terminal ratio and phase displacement from the phase 
values is a matter that requires investigation. The 
direct measurement of the ratio and phase displacement 
of the terminal voltages, with either star or delta con- 
nection, would require a modified network on account 
of there being no point in the windings at earth potential. 

Potential transformers in use are frequently con- 
nected across the line voltage of three-phase systems. 
ie. they operate with no part of the winding at earth 
potential. It is probable that the performance of very 
high-voltage potential transformers is different accord- 
ing to whether or not one end of the h.t. winding is 
earthed. Whether such differences are of any practical 
importance is a matter that would have to be considered 
in testing very high-voltage transformers. 


VOLTMETER TAPPING ON TESTING TRANSFORMERS. 


We can now consider the case of a testing transformer 
provided with a tapping on the high-tension winding 
near the earthed end for the purpose of operating a 
voltmeter or wattmeter. It is desired to know the 
ratio and phase displacement of the full winding voltage 
and the tapped-off voltage. The connections are 
shown in Fig. 5. One end of the high-voltage winding 
is earthed as in normal operation. The galvanometer 
circuit is connected between the point P and the tapping 
T. The galvanometer circuit is therefore no longer at 
earth potential. If the screens and guard ring of C, 
were earthed, the stray capacitance associated with 
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them would act as a shunt across Co. If the ratio of 
the transformer under test is large, the stray capacitance 
will be small compared with Co. In such a case the 
stray capacitance might be measured or approximately 
estimated and a correction applied. A more satis- 
factory procedure is to arrange that the potentials of 
the screens and guard ring are equal to that of the 
objects they surround. By this means the stray capa- 
citance is eliminated altogether. Assuming that the 
lt. winding of the transformer operates at a higher 
voltage than the tapped-off portion of the h.t. winding, 
the potential of the screens and guard ring can be 
adjusted to the correct value by the following device. 
One end of the '.t. winding is earthed so that the free 
ends of both h.t. and lt. windings have the same 
polarity at any instant. Across the l.t. winding is 
connected a potential divider N having a moving con- 
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tact. The screens and guard ring are connected to the 
contact through the secondary circuit of an auxiliary 
mutual inductance “m.” The primary of the mutual 
inductance is supplied through a resistance “q ” from 
the source of testing voltage. 

A switch provided in the galvanometer circuit enables 
it to be connected either between the points T and P 
or between the point T and the screens. In carrying 
out a test, the procedure is to throw the switch over 
to contact 1 and to get a preliminary balance of the 
main network by varying C, and M. There is then 
no p.d. between the points P and T. The switch is 
then thrown over to contact 2 and balance obtained by 
varying the settings of the moving contact of the poten- 
tial divider and " m." There is then no p.d. between 
the screens and the point T and hence between the 
screens and guard ring and the objects they surround. 
A final balance of the main network is then obtained. 

It will be noticed that the primary circuit of M is 
supplied from the tapping T. Thus the tapped-off 
portion of the h.t. winding is not under open-circuit 
conditions. However, the phase displacement under 


test, namely that between different portions of the same 
winding, will be small, so that R can be made large. If 
appreciable load still remains, it is always possible to 
obtain results for zero load by varying the load and 
extrapolating, as previously described. If the equations 
for ratio and phase displacement already given are 
used with the present set-up, the ratio and phase dis- 
placement of E, — E, and Ep will be obtained, where 
E; is the voltage of the tapped-off portion of the h.t. 
winding. Theratio and phase displacement between the 
desired quantities, viz. E; and Ep, can then be deduced. 

For the purpose of adjusting the potential of the 
screens, it would be possible to use an auxiliary con- 
denser and resistance in parallel connected between 
the screens and the point E in place of the potential 
divider N and the mutual inductance ‘‘m.”’ As the power 
factor of C, is made as low as possible, the parallel 
resistance required for the auxiliary condenser would 
have to be exceedingly high and might be too high to 
afford adequate safeguard against an accumulation of 
static charge on the screens. A series resistance would 
of course give the required phase adjustment of the 
potential of the screens but would afford no protection 
against static charges. The mutual inductance and 
potential-divider arrangement gives adequate protection 
against static charges and is probably the more 
convenient. 


THE TESTING OF POTENTIAL DIVIDERS. 


Suppose it is required to determine the ratio and 
phase displacement of a resistance potential divider. 
In Fig. 6 is shown a network which may be used for 
this purpose and which approximates to the Schering 
bridge network. The notation commonly used for that 
bridge has been adopted. R,Rg is the potential divider, 
provided with a tapping at T. C, is the high-voltage 
air condenser with guard ring, and C, a variable con- 
denser of low and known power factor. Let 5, be the 
phase defect of Cı and d the phase displacement of the 
potential divider, that is, the phase displacement 
between the total applied voltage and that between the 
points T and E. It is assumed that, owing to earth 
capacity, the voltage across section 4 of the potential 
divider will lag behind that across section 3. Then if 
tan ò| is not greater than d, balance can be obtained by 
adjusting C, and shunting Rg with a variable con- 
denser C3. In order that the potential divider may 
have the normal potential distribution to earth, the 
point E must be earthed. The guard ring of C, and 
the screens connected to it are adjusted to the correct 
potential by means of an auxiliary circuit consisting of a 
potential divider N and a mutual inductance “m.” The 
auxiliary circuit is fed from the supply to the primary 
winding of the transformer providing the testing 
voltage. The supply voltage will be approximately in 
phase with the voltage across the potential divider. It 
is assumed that the supply voltage available is greater 
than that between E and T. Then for small phase 


displacements we have 
Pa : 
C1 
1+ c 


tan o = wC3k3 + 01 


DISPLACEMENT OF HIGH 


The ratio of the potential divider is 


Ci 
R=1+ C, 
The testing of high-voltage capacitance potential 
dividers may become a subject of some importance in 
high-voltage laboratory work. There would be no 
difficulty in devising a suitable network for such a test, 
similar in general principle to those already described. 
The particular network used would depend upon such 
considerations as whether the potential divider to be 
tested is provided with screens or not and upon the 
magnitude of the voltage on the tapped-off portion. 
In the case of unscreened potential dividers, great care 
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would have to be taken in defining the conditions 
under which the test was made. 
various objects, either charged or earthed, such as leads 
and laboratory apparatus, may seriously affect the 
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voltage distribution in such potential dividers. Care 
would also have to be taken to avoid the accumulation 
of static charges in any part of the network. 


CONCLUSIONS. 


It has been shown that with the apparatus available, 
ratio measurements to within 0-1 per cent and phase 
displacement measurements to arctanQ-0002 or 
0-01? can be made at 66000 volts. It is not antici- 
pated that there will be any difficulty in attaining the 
same accuracy up to at least 130 000 volts. With a 
high-voltage condenser designed expressly for the 
purpose, C, accurately calibrated and with a steady 
source of testing voltage, an accuracy of 0-05 per cent 
in ratio and arc tan 0-0001 or 0-005? in phase dis- 
placement could be attained, thus covering all possible 
requirements of both industrial testing and research 
work. It is thought that the case and simplicity with 
which adequate purity is obtainable in the capacitance 
potential divider gives the method a substantial 
advantage over those employing resistance potential 
dividers. For voltages above about 30 kV the resis- 
tance potential divider cannot be used for accurate 
work without great elaboration of equipment and 
experimental procedure. The energy loss and conse- 
quent heating in such potential dividers is considerable 
and ‘for accurate work the resistance values have to 
be checked immediately after taking observations. An 
even greater difficulty is the screening of the resistances 
and the application of corrections for the residual 
capacity effects to the screens. With the capacitance 
potential divider such difficulties do not arise. The 
use of resistance potential dividers for voltages of the 
order of 60 or 70 kV would be almost impracticable, 
whereas there is practically no limit to the voltage for 
which capacitance potential dividers can be constructed. 
In the circumstances under which the tests here described 
were made, tbe 150 kV condenser was already available. 
The rest of the apparatus, except perhaps the 144 mH 
mutual inductance, was not special in any way and was 
such as may be found in any well-equipped electrical 
laboratory. 
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DISCUSSION. ON 
“AN OUTLINE OF THE TRUNKING ASPECT OF AUTOMATIC TELEPHONY.’* 


NORTH-WESTERN CENTRE, AT MANCHESTER, 14 DECEMBER, 1926. 


Mr. T. E. Herbert: The author has given not only 
his conclusions but also reasoned statements for their 
adoption, and has incidentally cleared up the discrep- 
ancies between various authors' contributions to the 
Post Office Electrical Engineers’ Journal. At the foot 
of page 189 he says that Erlang was right and that 
the differences were chiefly due—as they nearly always 
are in other fields of controversy—to assumptions 
underlying those theories. This pronouncement is 
exceedingly valuable and leads at once to a simplifica- 
tion of the whole subject. In fact the condition is 
comparable to the original work of Dr. G. S. Ohm 
which led to the ‘establishment of Ohm’s law. Very 
few people trouble about Dr. Ohm’s original analysis, 
and so ultimately will it be with the warring analyses 
of the relations between traffic and the traffic-carrying 
capacity of connecting apparatus. The point which 
the author makes on page 186, that the average tele- 
phone use per subscriber is small, is of very great 
importance since the expansion of the telephone system 
lies largely in its growing use in private houses. The 
telephone for business purposes has long passed from 
the stage of a desirable aid to business to that of a 
first essential. We have not yet reached the stage 
where most workpeople possess a telephone and a 
motor-car, but there is no doubt that the minimum 
income which permits the introduction of a telephone 
for purely private purposes into the home is, as with 
the private motor-car, definitely descending. The 
probable large increase in the private residence telephone 
suggests that ultimately a larger number of small 
exchanges for collecting and distributing calls with 
centrally controlled switching may present economic 
advantages. Roughly two-thirds of the cost of a 
telephone system lies in the external plant, and con- 
sequently the advantages of large groups of junctions 
must necessarily result in considerable economies. 
For example, a group of 100 junctions will carry twice 
the trafic that 10 groups of 10 junctions each will 
carry. It would therefore seem better to form large 
groups of circuits to a central switching point than to 
attempt to distribute those circuits between a number 
of exchanges so as to form direct paths. I have no 
doubt that the author is well aware of the difficulties 
which have resulted from the faulty predictions as to 
the growth of telephone requirements in the various 
D.P. areas. Whilst over a large area the predicted 
growth as estimated by the canvassers has not been 
seriously defective, yet in detail it has resulted in 
shortage of plant before the cabling scheme has been 
completed. Although great care is exercised in tabu- 
lating the results of studies, experience shows that in 
general the growth of demands over a period of years 
is never correctly forecast. This being so, it seems 
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quite hopeless to imagine that the amount of traffic 
between the various exchanges in a multi-office area 
can be accurately prophesied. But perhaps the author 
will tell us something of the methods by which these 
estimates are to be made, and whether he thinks that 
there is even a remote possibility of their being realized 
now and in the future. Be this as it may, routes and 
cables will have to be provided on the basis of those 
predictions, and there would appear to be very grave 
possibilities of the waste of huge sums of money, firstly 
by the provision of too much plant, and secondly by 
inadequacy, leading to the work having to be done all 
over again. There may be a fair chance of the total 
traffic from and to any exchange being close to the 
estimated figure, but its precise division between a 
number of other exchanges seems problematical. I 
should very much like to hear what the author has to 
say on this subject, because, after all, this is the founda- 
tion upon which we are building our systems. Similar 
remarks apply, of course, to the provision of apparatus, 
The question of alternative possible arrangements of 
the plant has been settled by the adoption of grading, 
and the author has provided all the material necessary 
to deal with this phase of the subject. Given such 
and such a traffic intensity along such and such paths, 
then the apparatus necessary to deal with it can be 
calculated. But the whole design rests on the adequacy 
and correctness of the traffic predictions. Are we 
building on sand ? In the case of the small P.A.B.X.'s 
it is well known that the traffic which actually results 
when the P.A.B.X. is installed is far heavier than that 
under manual conditions, and a large factor of safety 
has to be provided in determining the connecting 
mechanism required. Does the author, after having 
obtained his traffic estimates, apply similar correctives 
in his design ? That he appreciates something of these 
troubles is shown by the sentence on page 193 which 
reads: “ Since the war, however, numerous cases 
have occurred in individual exchanges where the average 
traffic per subscriber has changed considerably, and the 
average calling rate for the whole country has varied 
greatly with the state of trade." Now, this takes no 
account of the varying distribution of traffic between 
various exchanges. The paper is a most valuable one, 
but I wish to emphasize the fact that the traffic esti- 
mates are fundamental. 

Mr. J. L. Parry: I should be glad if the author 
would say a few words about the Post Office standard 
grade of service, viz. 1 call lost in 500, and how it was 
derived—what were the deciding factors and whether, 
apart from the question of convenience, there is any 
special reason for using a standard which must be 
applied stage by stage and the effect of which is to 
produce different cumulative grades of service in 
different cases; for example, a simple system with a 
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small number of switching ranks will have a better 
resultant service than a director system. The ideal 
would apparently be to start by fixing the resultant 
grade of service and design the step-by-step grades 
to produce it. The heavy demand for external junctions 
arising out of automatic systems is apparently due to 
the necessity for compensating losses in the switches, 
that is, if a grade of service comparable with that which 
has hitherto obtained is being adhered to. It would 
be interesting to know something about what is done 
in the case of the longer junction routes. There should 
be a definite relation between the length of junction 
route and the grade of service which should be given 
on it. Is any appreciable adjustment possible in such 
cases by improving the grade of service given on the 
switches ? In the event of this being the case it would 
be interesting to know what is the relation between 
switch costs and junction costs. 

Mr. A. J. Pratt: It is stated on page 198, with 
regard to grading investigations, that the Post Office 
engineers decided to rely upon their own work instead 
of utilizing results obtained by other investigators. 
Although I am a Post Office engineer I am not a member 
of the automatic group and I can therefore say without 
egotism that that is typical of the Post Office engineers. 
It is all to the good that every result and fact should 
be verified by independent observation and investiga- 
tion. We are building up a great national system of 
automatic telephones which we hope and believe will 
become in due course second to none in the world, and 
it was and is surely sound policy to follow a course, 
as it were, of splendid isolation. A point which has a 
bearing on the subject under discussion is the division 
of territory into automatic areas and the definition of 
new exchange area boundaries. As is well known, 
when it is decided to prepare an automatic study for 
any particular district the existing exchange areas are 
usually re-designed, and it may be that new prospective 
automatic areas are introduced. It is also well known 
that theoretical telephone centres are deduced for the 
proposed areas on the basis of the anticipated sub- 
scribers’ development spread over a long period, say 
20 or more years. Now so far so good, but calling rates 
for particular groups of subscribers change, the com- 
munities of interests change, the habits of communities 
change and will change again during succeeding years, 
and these psychological alterations (call them so for 
want of a better term) have an important effect on the 
number of external channels between exchanges to 
carry the varying traffic loads. In a manual exchange 
area, traffic can be diverted—in fact operators are 
available for the purpose—whereas in an automatic 
exchange area, switches will have to do the work. It 
seems to me then that in automatic areas the existing 
junction arrangements should be neither too rigid nor 
too comprehensive at the outset in any particular 
direction, otherwise the provision of further external 
plant may be costly and yet necessary to relieve traffic 
overloads from localities whcre normal conditions were 
anticipated. In other words, the provision of existing 
junction circuits between automatic exchanges should 
proceed step by step for some time until ample statistics 
are available for close study. On page 189 the author 


states that in the special case of small groups of external 
junctions, which are often very expensive to provide, 
a rather lower grade of service than the standard is 
allowed. Doubtless, if a district is very scattered the 
provision of costly junction circuits would altogether 
preclude the adoption of automatic working. Fortu- 
nately, in our large cities standard junction routes are 
already available to a great extent, otherwise the 
provision of the larger number of junction circuits for 
automatic working would be highly expensive. Due 
to changes of a serious character in the calling rates, it 
is conceivable that additional external channels might 
become necessary to obviate apparatus changes, or 
increases, or even grading alterations. The application 
of the theory of probabilities to the solution of traffic 
problems is probably now regarded with more favour 
than formerly. So long as extensive observations are 
made over frequently-recurring intervals the relative 
error is small. I note that traffic tests are taken during 
the busy hours of the day, but it seems to me that if 
an exchange is designed on records taken during the 
peak loads the amount of plant which will be idle for 
many hours of the day will be enormous, taking the 
whole country and all automatic exchanges into account. 
It is probably something less than this which would 
be strictly economical, if sufficiently satisfactory, to give 
a suitable and efficient grade of service. Busy hours 
are infrequent and not the rule. Yet we provide, and 
probably must provide, plant on the basis of results 
obtained during these busy-hour periods. 

Capt. J. E. Fletcher: I think we are all agreed 
that at the moment the art of trunking—as we know 
it—is not only in its infancy but it is wrapped up with 
so many difficult and ever-changing conditions that 
mathematical calculations will not only be difficult to 
make but must be subject to certain alterations when 
the mathematical conclusions come to be applied. 
With such calculations as the author suggests no doubt 
very beneficial primary economies will result, in spite 
of any alterations that may be necessary after the 
groupings have actually been brought into use. The 
economic aspect of the paper, viz. the reduction of the 
initial cost of the switching apparatus and the best 
initial grouping of that apparatus, are matters in which 
we are all more or less interested. In almost all busi- 
nesses there are fluctuations at some period of the 
day, week, month or year, and it becomes a question 
of economics as to how to meet those fluctuations 
efficiently and economically. The tramway systems of 
this country are a good example in this respect; large 
numbers of people desire to travel at one time, and to 
cater economically for these rushes of traffic requires 
considerable investigation, yet, in spite of all the efforts 
made, there will always be someone who will get left 
and have a grievance. I mention the tramway case 
—there are many such others—as a parallel case to 
the telephone traffic case, simply to indicate to telephone 
engineers that they are not alone in their troubles, 
and that even with the best thought-out calculations 
and plans they will find someone with a grievance. 
In the telephone case this will be the odd man in 500, 
and if the author’s proposal is sufficiently flexible to 
work to this standard I think that all telephone users 
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will be grateful. There are a great many varying 
conditions to cater for, and the author is arranging 
for a machine to respond to these varying conditions. 
We all know that a well-set-up machine will do a certain 
amount of work in a given time and at regular intervals, 
given, of course, regularity of feed; but in the case 
we are discussing the essential factor ‘regularity of 
feed " is not present. The varied character of the 
severa] services—business, residential, etc.—on any one 
exchange, the ever-changing loads throughout the day, 
the busy seasonal changes, all tend to upset or make 
more difficult any mathematical calculation it is desired 
to make in order to ascertain the quantity of apparatus 
which is initially necessary to produce a good, efficient, 
reliable and economic service. A system of grading 
subscribers according to their calling rate, before the 
question of trunking is tackled, would appear to be an 
essential preliminary inquiry. Are such investigations 
made, prior to the design of the trunking arrangements ? 
It would be interesting also to know whether the 
author’s theory has been applied to any new exchange, 
and if so what proportion of alterations—if any—were 
necessary after the opening of such new exchange. 
Unless the proportion is small, we must come to the 
conclusion that the human element—in this case the 
operator—is to be preferred to the machine, mainly 
owing to the greater flexibility obtained; or alter- 
natively we must be prepared to pay the extra cost 
for the additional switching gear. An operator uncon- 
sciously responds to rush periods, whereas the machine 
is designed to respond to a definite amount of traffic, 
and if that traffic is exceeded the machine fails. For 
the many reasons I have mentioned the telephone 
traffic load is bound to be a very uncertain and irregular 
one, and, as the success or otherwise of any under- 
taking is measured by its ahility to deal efficiently and 
adequately with the demands made upon it at any time, 
it is certain that in designing any scheme of trunking 
it would be infinitely better to err definitely on the 
side of excess provision rather than keep to the line 
of average conditions. Quite apart from other con- 
siderations, it would be interesting if the author would 
express his views with regard to the relative flexibility 
of manual operating against automatic. If he is in 
favour of manual working, what is the objection to 
the provision of an adequate quantity of apparatus 
in order to provide an automatic service at least equal 
to that obtained by manual working? Is there not a 
field for investigation in regard to the production of 
cheaper apparatus ? I should be glad to learn whether 
there is any arrangement whereby the quality or grade 
of service is measured, and how this service compares 
with the manual services. 

Mr. S. Upton: Speaking as one who has had some 
12 or 13 years' experience of two automatic areas, 
namely Accrington and Blackburn, I can tell Capt. 
Fletcher at once that amongst subscribers the balance 
of favourable opinion is overwhelmingly on the side 
of the automatic telephone. In his concluding remarks 
the author said that we should not be alarmed about 
statements in regard to the balance of probability, and 
that is quite true. The failures are really no more 
than in the peak periods of the manual system when 


the operator is too busy to plug in promptly and reply 
to the calling subscriber. In such cases a subscriber 
will sometimes abandon the attempt, tired of waiting 
even for a second or two, and try again later. That 
happens on the automatic system but, as I say, no 
more than on the manual system, and it will be better 
in the future, when we get the benefit of research which 
will enable us to make the fullest use of the switching 
apparatus at our disposal. A very large number of 
those present are not connected directly with telephone 
engineering, and perhaps I might usefully make a few 
remarks leading up to the importance of switching as 
a part of telephone engineering. Those who live in 
telephone areas which have been converted to the 
automatic system will have noticed tbat one change 
connected with the adoption of automatic telephone 
switching is a complete renumbering of the subscribers' 
lines and that very much larger numbers have been 
adopted. For example, in an area containing, say, 
1000 to 2000 subscribers the numbers in use under 
manual conditions are from 1 to 1 500 and so on, but 
for automatic purposes each subscriber becomes pos- 
sessed of a four-digit number. The reason is that, in 
an automatic area, what we might term the vital or 
effective number is merely a two-digit number; that 
is to say the whole of the subscribers are divided into 
groups of 100 each (0 to 99). If there are 1 000 of 
them there will be 10 number I's, 10 number 2's, and 
so on. The use of the first two digits is merely for 
trunking or routing purposes, that is to direct the calling 
subscriber into a certain route or level, as we term it, 
to ensure that he finally reaches the particular group 
in which is the two-digit number he requires. This 
routing is carried out by means of a system of switches 
under the control of impulses sent out by the operation 
of the subscriber's dial. The switches consist of primary 
line switches or pre-selectors, the Ist selectors and 
2nd selectors, and so on through to the final selectors 
which make the actual connections to the called sub- 
scribers. We must, of course, begin by providing a 
primary line switch or pre-selector for each subscriber, 
because each subscriber must be in a position to connect 
himself with the exchange at all times and under all 
conditions. From this point the economics of switching, 
as dealt with by the author, become important and are 
rightly emphasized, and one of the secrets of the 
usefulness of the paper is that the author tackles the 
subject as an engineer and for him economy is 
synonymous with commercial efficiency. In this phase 
of telephone engineering there is nothing new and of 
course the author makes no such claim, but it has 
demanded exhaustive scientific treatment since the 
advent of the automatic system, as is to be gathered 
from the bibliography appended to the paper. The 
first important practical step in the economics of 
switching was the introduction of the secondary line 
switch—the insertion of a second set of pre-selectors 
designed to improve availability between the primary 
line switches and Ist selectors. To show the value of 
this it may be interesting to quote the case of Accrington, 
one of the earliest automatic exchanges. Accrington 
was originally installed without secondary line switches 
and there were 800 primary line switches with direct 
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availability to 100 Ist selectors. Recently it became 
necessary to increase the capacity of the exchange, and 
this was done by the insertion of secondary line switch 
equipment. We installed 140 secondary line switches, 
and this increased our capacity by 350 lines not only 
without any increase in lst selectors or the trunking 
to them, but actually with a reduction. I may mention 
that, as part of a recent extension of switching plant 
at Blackburn, we have installed one of the new assem- 
blies fitted at the end of the trunk board, referred to 
by the author. It is a distinct advance on the old 
method and there is also an economy in installation, 
because the whole of the selector shelf can be assembled 
and wired in the factory and sent out ready for placing 
in position and joining up. 

Mr. A. E. White: In the manual system the peak 
load of calling rate had to be closely watched in order 
to provide a suitable load for the operator. In the 
automatic system this responsibility will devolve upon 
the engineer, who will have to meet the peak load by 
the provision of a suitable grade of service in order 
that the success of the system may be assured. With 
regard to the slipped bank switches it will be interesting 
to know whether the Americans have abandoned that 
type of switch in favour of the straight one, and if 
not, what arrangements they have for recording the 
congestion and the measurement of traffic as outlined 
in Section (10) of the paper. 

Mr. G. H. A. Wildgoose: On page 186 we read, 
" In larger exchanges it is found that, generally speaking, 
only a small proportion of subscribers wish to use their 
telephones at any one time. It follows that inter- 
communication arrangements based on a recognition 
of this fact will be sufficient, and it is probably on this 
account that telephony on a large scale has become 
practicable. Certainly the economics of the industry 
would have been vastly different if the average sub- 
Scriber had been other than a small user." This 
appears to me to suggest that the small user of the 
telephone is the most profitable user to the department. 
l feel rather reluctant to put this construction upon 
the statement because, in the first place, the author 
has shown in the paper, and I think elsewhere, that 
the efficiency of large groups of apparatus is higher 
than the efficiency of small groups. Again, as regards 
the provision of external plant such as cables for 
junctions, it is much less costly per circuit to provide 
a large number of circuits on one route than a small 
number. It would seem, therefore, that the annual 
charges on plant per call should decrease rather than 
increase as the number of calls rises. Bearing in mind 
that a fee, on which there is presumably a margin of 
profit, is charged for each call, the busy user of the 
telephone ought to be a more profitable customer than 


the small user, assuming, of course, that the ratio 


between the busy-hour traffic and the total traffic for 
the day remains the same. 

Mr. A. Heathcote: In the original equipment of 
the Stockport Exchange we had no difficulty with 
grading or trunking, simply because we had full avail- 
ability. Afterwards we had two groups of 20 multi- 
coin box circuits with 18 outlets or selectors (9 selectors 
Per group) not graded. Later an additional group of 


these circuits was installed without any addition to 
the outlets, and consequently a scheme of grading 
had to be adopted. It was found necessary to make 
the last contact on the first group an individual outlet, 
as otherwise it was possible to have the drive cut from 
the group and still have outlets available, on account 
of the group relay being operated. The point I wish 
to make is this. Is the object of giving a group relay 
to 20 circuits such as these, as against 70 or 80 ordinary 
subscribers, on account of the former being recognized 
as very busy lines, and to prevent excessive racing of 
pre-selectors ? It is pleasant to hear that another 
method of taking records has been adopted. In the 
paper the author says that it is quite an easy matter 
to take 3-minute readings of any selector switches in 
use over a certain period. In my opinion, however, it 
calls for gymnastics. 

Mr. W. H. Guy: On page 187 the author states 
that, in the case of pre-selectors, hunting is continuous ; 
so that & subscriber can always be connected to a 
lst selector, providing he waits long enough. I suggest 
that the subscriber does usually find an outlet to a 
Ist selector, for two reasons: (1) The complete blockage 
due to shortage of switching plant is of extremely 
short duration, and (2) the subscriber is instructed to 
wait for the dialling tone before commencing to dial, 
and it must be assumed that he acts upon the instruc- 
tion. The tone is heard immediately an outlet has 
been found. It would therefore appear that con- 
tinuous hunting would be advantageous at each switching 
stage and that the subscriber should be instructed to 
wait for the dialling tone before dialling each individual 
digit. No increased delay should arise as the result 
of this in the case of all normal calls, as the dialling tone 
would be heard immediately the dial returned to normal. 
In the few cases, however, where outlets were not imme- 
diately available a very short pause in the dialling 
operation would be all that was necessary in order to 
complete the connection effectually. I am aware that 
the present design of two-motion switch does not cater 
for this, but surely it is not impossible to arrange 
additional contacts in the bank or elsewhere, so as to 
hold the vertical dog whilst allowing the horizontal 
dog to be released, and to stop the return motion 
of the shaft before the stationary dog enters the 
vertical slot, thus preventing the fall of the shaft to 
normal. 

Mr. H. Escott: The usual definition of a traffic 
unit, so far as I am aware, is: Total calls per hour 
multiplied by average duration per hour. The result 
shows the unit to be a measure of quantity. The 
author, however, points out that the trafhc unit can 
be regarded as a measure of intensity. I do not think 
this is generally understood. On page 190 he states 
that the usual arrangement is for pre-selectors to have 
10 or 25 outlets. Is this not a large decrease as com- 
pared with some of the older types of systems, i.e. 
Siemens? Is it because of the circular formation, 
ie. can only 25 bank contacts be fixed in the half 
circle, and is it not desirable to have bank contacts 
arranged in more than the half circle? On page 192 — 
it is stated that the link frame terminal assembly is 
now the standard arrangement for cross-connection 
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purposes, but that in one or two places its use is 
inappropriate. I should be glad if the author would 
say what these places are. In Table 3 the average 
traffic per switch shown with the various number of 
switches from 10 to 20 appears to indicate very good 
results. Is the decrease shown after 16 switches due 
to the fact that at this point the number of commoned 
contacts becomes so small that the access from the 
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preceding switches is seriously reduced ? I am unable 
to reconcile the various numerical values of the traffic 
units quoted in Fig. 43. Should not the total incoming 
trafhc equal the outgoing traffic, or are the figures 
quoted only approximate ? 


[Ihe author's reply to this discussion will be found 
on page 446.) 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 10 JANUARY, 1927. 


Mr.F.G.C. Baldwin : In the early part of the paper 
the author refers to the fact that the average telephone 
subscriber is a comparatively small user of the facility 
which he possesses. In other words, the plant which 
must be provided exclusively for the use of each sub- 
scriber is idle for the greater part of its life. I have 
worked out roughly that the proportion of time in which 
a subscriber’s equipment is in use averages only 2 per 
cent. This fact, and the indeterminate nature of the 
trafic, introduces important considerations in the 
economics of telephone engineering. Exchange plant, 


or at least that portion of it which is common to the 


whole of the subscribers, offers possibilities of effecting 
economies, however, and the author has shown the 
value of grading in increasing the traffic capacity of a 
group of switches, or, in other words, of reducing the 
number of switches required. On page 187 the author 
says, in effect, that in practice the number of calls lost 
due to the loading of switches is very much less than 
the loss due to the called subscriber being engaged. 
Large users of the telephone are apt to overlook the 
importance of incoming calls lost due to that cause. 
Such lost calls, of which the subscriber is usually ignorant, 
can of course be diminished by the provision of additional 
lines. These ineffective calls have a direct and important 
bearing upon the question of trunking. Telephonic 
conversation between two distant points is now a very 
simple matter. The real problems of telephony are 
encountered when facilities for unlimited intercom- 
munication are to be provided, and the problems become 
still more numerous and difficult of solution in multi- 
exchange areas. In automatic working it is usually 
economical to provide for a larger number of exchanges 
than would be justified in manual working, and economi- 
cal trunking between these exchanges is a problem in 
which expensive cable circuits become involved. The 
introduction of automatic working therefore gives 
promise of modifying very considerably our systems 
of line distribution, and new problems are introduced. 
Throughout the paper the author uses the term “‘ pre- 
selector." Has this term been standardized for general 
use to mean “‘subscriber’s line switch" ? I presume 
he uses it in that general sense. He refers at some 
length to the traffic unit standardized by the B.E.S.A., 
and discusses its physical dimensions, but he does not 
say whether or not he agrees with that unit. It seems 
to me that the unit should be more definitely related to 
the “ number of calls ” and be defined simply as so many 
calls per hour, say 20. After all, the primary function 
of an automatic switch is to establish a connection. The 
fact that it maintains that connection is incidental; in 
some cases when a switch has performed its chief function 


it is cut out of circuit entirely, and the maintenance of 
the connection is effected by other means. A traffic 
unit may comprise a switch carrying one call for 1 hour, 
or 60 calls each of 1 minute's duration. In the latter 
case, the switch has performed 60 times the amount of 
work done in the former, but according to the accepted 
definition carries only the same amount of traffic. 
I should be glad if the author would give us his views in 
this matter. 

Mr. G. F. Bellwood : The problem of limited avail- 
ability has been treated in great detail by the author, 
but apparently the serious limitations involved are 
confined to the peak-load periods, say 10 a.m. to noon 
and 2 p.m. to 4 p.m., but there is another aspect 
which should, I think, be considered, and that is that 
outside these hours full availability is given and as a con- 
sequence the service is greatly superior to that given at 
any manualexchange, especially during the night periods ; 
for example, in the late evening the number of operators 
on a manual board is limited to the average requirements 
of the service, but should, for any reason, an abnormal 
number of calls be made, the operators are unable to 
deal efficiently with the load, and, consequently, delay 
occurs and it may even result in certain calls being 
abandoned. With an automatic system, however, the 
full number of switching units is available for this 
period just as readily as during the peak-load period, 
and the load can thus be adequately disposed of. I 
think this is an important point which cannot be empha- 
sized too strongly. In the paper reference is made to 
10-, 20- and 24-point pre-selectors. As a general-rule, 
the availability of a 20-point mechanism is double that 
of a 10-point piece of apparatus, and it follows that if 
additional points were added the availability would be 
further increased. Can any information be given, as 
the result of investigation, as to whether any particular 
size of line switch has yet been decided upon for use in 
the larger exchanges ? Referring to grade of service, 
would it be possible to improve the grade of service bv 
the introduction of secondary line switches between 
ranks of Ist, 2nd and 3rd group selectors, so arranged 
that they would take congestion trafic and would be 
effective within the time limits of dialling by the sub- 
scriber? Line switches are a cheap form of apparatus 


‘and could perhaps be introduced to cover such cases 


with a less number of group selectors than would other- 
wise be necessary. The question of dialling in trunks 
is probably not germane to the paper, but certainly 
affects the correct dialling-in of numbers from outlying 
exchanges. In the past, aerial circuits have been used 
for dialling-in direct between towns, but this practice 
is apparently being modified by using loaded and 
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balanced conductors in similar circumstances within 
certain limits. Can the author give any indication as 
to what those limits are and whether there is likely to 
be any deleterious effect on the loading coils due to 
impressed voltage during the dialling period ? Referring 
to Ist selectors, as a general rule it is not usual to use 
the first bank of Ist selectors, owing to the chance of 
false impulses incorrectly operating the wipers, and this 
results in a limitation of one-tenth of the bank contacts 
so far as lst selectors are concerned. Has the author 
any information as to whether this defect has yet been 
overcome ? In connection with the terminal assembly, 
it would be interesting to know if any difficulty has 
been experienced regarding the insulation properties 
of bakelite. Some of the 18-hole test tablets recently 
supplied, which were made up of bakelite, proved unsatis- 
factory. On page 187 and in Fig. 1, reference is made to 
the Strowger system, and “‘ pre-selectors" are mentioned. 
Has this nomenclature superseded the term “line 
switches,’’ which is in general use so far as the Strowger 
system is concerned ? 

Mr. F. W. Longmore: With regard to the standard 
grade of service, is it to be understood that since 1 call 
in 500 is allowed to fail at each switching the overall 
grade of service for an exchange of 4 switchings will be 
worse than the overall grade of service for an exchange 
of, say, 2 switchings? The author states that the 
relation between the total traffic carried by a particular 
grading, the traffic carried by the last choice and the 
lost traffic is extremely involved, and after several local 
attempts to calculate the total traffic I am in full 
agreement with him. I should be glad if he would 
say whether there is a formula already available for 
this purpose. Failing this, however, by the use of 
Fig. 37, and knowing the traffic on the last choice of 
any particular grading, it will be possible to decide 
whether the grade of service afforded at that grading is 
better or worse than the standard grade of service. 

Mr. A. Watts (communicated): The standard of 
working is apparently based on the number of lost calls 
per group of switches, and is given as 1 lost call in 500, 
with a proviso that with a temporary flush of traffic 
(calls) the standard shall not fall below 1 in 100. The 
temporary flush of traffic is assumed to be not more 
than 10 per cent over normal. Under these conditions 
it appears that the overall standard of any system 
depends on its numerical dimensions, and may vary 
according to the size of the system and the number of 
digits to be handled, each digit (excepting the final 
connection) requiring a separate group of switches 
(see table in col. 2). 

In London, with director working, there may be 10 
groups of switches brought into action, and we thus 
have 10/500 or 1/50. If this is correct then we have an 
overall standard varying from 1/500 to 1/50, and if these 
figures are repeated on the assumption of a 10 per cent 
flush of calls and a standard loss of 1 lost call in 100, 
the applied reduced standard to London shows the possi- 
bility of 10 per cent of the originating calls being 
ineffective, from the temporary jamming of any one 
of the 10 groups of switches through which the call 
should pass. In all probability this tendency to jam 
during periods of stress will be more severely felt in 


those sections of a system where the calling rate is low 
and the connecting apparatus is planned on a low 
average calling rate, and therefore on a low percentage 
basis. The antidote to this is, of course, to plan on a 
more liberal basis than the normal traffic warrants ; 
this, however, is an expensive cure. The steady influx 
of small users with a low calling rate appears to do more 
than counterbalance the increased use by '' busy sub- 
scribers ” which follows the numerical increase of 
subscribers; and the consequent trend is a general 
diminution of the average calling rate. Some interesting 
statistics on this point were given a few years ago by 
the management of the Copenhagen Telephone Admini- 
stration, where a highly successful system has been 
developed. The ‘‘ busy subscribers," who represented 
some 15 per cent of the users, originated 50 per cent 
of the total traffic, whilst at the other end of the scale 
50 per cent of the total subscribers, the ''small users,” 
originated only 15 per cent of the trafic. The 10 per 
cent temporary increase of traffic previously referred to 


Number of 


Size of system switch groups Lost calls 
1-99 1 : : 
500 500 
1-999 2 : : 
i 500 250 
€* 
3 l 
1-9999 3 560 = Imm 
Ə 
4 1 
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[9] 


does appear to present an abnormal difficulty in the 
“ busy” sections, although such an increase would add 
some 2 calls per day to each subscriber's quota; on the 
other hand an increase of 1 call per day from the '' small 
users ’’ adds some 50 per cent to the traffic to be handled. 
A further difficulty, especially in the small users, is the 
tendency to increase the ''holding time” of calls at 
periods when other subscribers require connection, and 
this must have an effect with regard to “jamming "' 
similar to a flush of trafic. The extent to which undue 
“ holding” may be carried was disclosed by an 
examination of the user of public call offices made 
some little time ago by one of the daily papers. 
A series of records taken showed that the principal 
offenders were women who averaged some 8 minutes as 
against 2} minutes for men. If this be possible at 
public call offices with special operators in attendance, 
and involving cash payments, we may gain some little 
insight into the happenings within the system generally, 
of which the call office and its use or abuse furnishes 
merely an outward and visible sign. If a system be 
planned on a 3-minute holding basis it follows that the 
undue extension of calls at a critical period of the day 
will have a detrimental effect similar to that of an abnor- 
mal rush of traffic, and this may be quite easily brought 
about by a preponderance of women telephoning at that 
particular time. 
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THE AUTHOR’S REPLY TO THE DISCUSSIONS AT MANCHESTER AND NEWCASTLE. 


Mr. G. F. O'dell (în repiy) : Mr. Herbert refers to 
the difficulty of making accurate estimates of sub- 
scribers' development and of the traffic along various 
routes, particularly in detail. There is no doubt that 
these determinations are much more difficult than the 
problems dealt with in the paper, and are, of course, 
no less important as they provide the fundamental data 
on which the telephone system is planned. Admittedly 
there have been errors in the past, more perhaps in 
development forecasts than in traffic estimates, but 
that 1s no reason, to my mind, for not continuing to 
make estimates to the best of our ability or for ceasing 
to make investigations into the traffic-carrying capacity 
of switches under various conditions. There is no 
doubt that continued experience will give ever-improv- 
ing results, especially when it is borne in mind that 
the legacy of the war and its aftermath is still responsible 
for many of our difficulties. 

Mr. Parry, Mr. Longmore and Mr. Watts refer to the 
distinction between overall grade of service and grade 
of service per switching, the former apparently being 
of the opinion that the overall grade of service should 
be uniform. There is a good deal to be said in favour 
of this view, although it would be impossible of attain- 
ment in areas such as London where the number of 
switchings will not be constant for all types of call. 
But the principal objection to it is that a uniform 
overall grade of service would enormously complicate 
design, as a separate set of design curves (such as those 
in Fig. 32 and Table 8) would need to be prepared for 
each value of grade of service experienced at a single 
switching point. The same objection would apply to a 
grade of service varying with the length of junction 
routes. Bearing in mind that the loss under considera- 
tion is small even in the worst case, the adoption of an 
overall grade of service appears to be an unnecessary 
refinement in the present state of the art. 

Mr. Pratt urges that the junction lay-out should not 
be too rigid in an automatic area, and the importance 
of trunking in connection with multi-office areas has 
been emphasized by Mr. Baldwin. It is a matter of 
regret to me that I was not able to deal more fully 
with external plant in the paper, but the subject is 
large enough for a paper by itself. In large areas, 
where impulse translation is employed in connection 
with the junction lay-out, I certainly think there is 
sufficient flexibility, even for such a case as London. 
In smaller areas, where ordinary Strowger plant is 
suitable, the need is less, and no difficulties have yet 
been experienced on account of inflexibility. 

I am glad Captain Fletcher mentioned the case of 
tramway problems as comparable with those met with 
in telephony. The problems here dealt with have their 
counterpart not only in all forms of communication, 
but in such businesses as banking where the demand for 
ready money is a very variable one. A comparison 
between automatic and manual service is not easy 
because so many factors enter which cannot be directly 
compared. Judging by the results of service observa- 
tions, particularly those relating to percentage of 


successful calls and speed of connection, there is reason 
to think that automatic service is equal, if not superior, 
to the best manual service in the busy periods. As 
Mr. Bellwood points out, the manual service is likely 
to deteriorate during slack hours, but automatic ser- 
vice does not—in fact the small loss due to shortage 
of switching plant is practically eliminated at such 
times. This evidence is borne out by the opinions of 
subscribers, and Mr. Upton has spoken very definitely 
on this point from his experience at Accrington and 
Blackburn. I am obliged to Mr. Upton for his further 
remarks, especially those regarding his experience in the 
areas just mentioned. 

Mr. White asks for information regarding American 
practice. My most recent information is that banks 
are usually wired straight, but that slips of various 
kinds are inserted in the multiple wiring between one 
shelf and another. Two common forms of slip are: 
(1) The first five contacts are slipped among them- 
selves, the last five being wired straight, and (2) the 
first nine contacts are slipped among themselves, the 
last contact being wired straight. Under both of these 
schemes the congestion metering circuit could be con- 
veniently applied, and this method of metering has 
been developed independently both in America and in 
Germany. Of course, these considerations apply to the 
Strowger system only. In panel exchanges, owing to 
the large size of bank, conditions are not comparable. 

I think Mr. Wildgoose has misunderstood me on the 
question of “ small user." Of course, the small user is 
not the most profitable. AllI intended to convey was 
that if the average user were very large then telephones 
would have to be very much more expensive, and fewer 
people could afford them. 

Mr. Heathcote raises a point with regard to Stockport. 
The trunking at many of the earlier exchanges is not 
standard, and coin-box circuits always cause a certain 
amount of difficulty. At Stockport the coin-box group 
is so small that 2nd pre-selectors are not justified and 
the Ist pre-selector banks are connected direct to 
Ist selectors. On this account, and also because they 
are busy lines, a group relay per 20 pre-selectors is 
justified : but where 2nd pre-selectors are not used the 
only reason for the retention of the group relay is to 
prevent unnecessary rotation of the pre-selectors. I 
cannot agree with Mr. Heathcote that the manual 
method of taking records is difficult. It is certainly 
tedious, monotonous, and at times awkward, and for 
these reasons among others we are desirous of replacing 
it by an automatic method. 

Mr. Guy speaks of the advantages of continuous 
hunting. This system has perhaps slight advantages 
over the method of giving the busy signal when all 
available outlets are engaged when the congestion is 
very small. In times of busy traffic, however, con- 
gestion will be increased because subscribers will wait 
on, holding the earlier switches, in the hope of getting 
the later switches in a short time. There is risk, too, of 
more than one subscriber getting a switch when it 
becomes idle. The first of these objections applies with 
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much greater force in the later stages of the call than 
to the hunting of pre-selectors for a Ist selector. 

As Mr. Escott points out, the traffic unit is really a 
measure of intensity, and that is indicated by the fact 
that the number of calls is measured within a certain 
time unit. The idea is difficult to realize in practice 
because busy hours occur disconnectedly and are sepa- 
rated by a large number of less busy hours. But it 
could be imagined that a period of time was built up 
of a number of consecutive busy hours. If, in such a 
case, the group of switches carry 3 traffic units, it 
means that, on an average, 3 switches are simultaneously 
engaged throughout that period—that is, there is a 
continuous stream of 3 calls (on an average) passing 
over the switches. Perhaps at this point I should say 
in reply to Mr. Baldwin that I think the traffic unit is 
exceedingly useful, and for design and maintenance 
work has proved of very great value. But, as stated in 
reply to Mr. Grinsted in the London discussion (page 221), 
I think the traffic nomenclature needs extension. 

On the question of the best number of contacts in 
the pre-selector bank, I must refer Mr. Escott and 
Mr. Bellwood to the remarks made in the London dis- 
cussion. The older exchanges obtain the equivalent of 
(approximately) 100-contact banks only by using Ist 
and 2nd pre-selectors. The traffic obtained from Ist 
selectors by using 24-contact pre-selectors with graded 
banks is nearly as great as with 10-contact Ist and 2nd 
pre-selectors. Our investigations show that it is more 
economical to use 24-contact pre-selectors with graded 
banks than to use 24-contact Ist and 2nd pre-selectors, 
because of the saving of the cost of the 2nd pre-selectors. 

The chief place in which the link frame terminal 
assembly is inappropriate is in the trunking between 
pre-selectors (whether subscribers’ pre-selectors, “ A "' 
digit switch finders, or other) and the succeeding 
switches ; the reason is that there is no suitable place 
for mounting the requisite terminal strips on the pre- 
selector racks, and a centralized link frame is usually 
desirable in such cases. Mr. Escott is right in sug- 
gesting that in Fig. 43 the total incoming traffic should 
equal the total outgoing traffic. In the case of Ist 
selectors the incoming traffic includes permanent loops 
(which do not appear on any level) and calls on spare 
levels (which were not measured), and these factors 
account for the discrepancy there. In other cases it 
must be remembered that the incoming traffic was not 
measured at the same time as the outgoing. 

The term pre-selector, mentioned by Mr. Baldwin 
and Mr. Bellwood, has been adopted by the B.E.S.A. 
as the '' preferred term " ; “line switch," however, is 
given as an alternative. It does seem desirable to use 
one term as far as possible for all makes of switch 
having the same function. 2E 

Pre-selectors or line switches have been suggested 
as a means of effecting economy on intermediate ranks 
of switches as well as on Ist selectors, and are being 
tried for this purpose at one London exchange, between 
code selectors and external junctions. Their general 
use would lead to considerable complication and some 
increase of fault liability for a doubtful saving, and I 
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do not think at present that their employment in such 
cases is likely to be extended. 

Up to the present bakelite has given no trouble 
whatever, and is superior to materials formerly used for 
bank insulation. 

Dialling-in is quite practicable over loaded under- 
ground conductors. The limits applied depend on many 
circumstances and would take up too much space to 
give in detail. Steps have been taken, particularly in 
the design of the telephone switch-hook, to reduce 
false impulses which engage level 1 of Ist selectors. 
Some improvement has been effected, but present 
indications are that there is still sufficient trouble to 
justify reserving this level. 

In reply to Mr. Longmore, I am sorry I cannot give 
more details of the relation between total traffic and 
last-contact traffic. It has not been possible to find a 
formula for it, and it is not, at present, practicable to 
express results in a compact form. 

Mr. Watts, in his remarks on grade of service, has 
given some very interesting information, especially in 
regard to the practice of the Copenhagen Telephone Co. 


Since the paper was read, I have been in communi- 
cation with Dr. Turney * regarding his method of 
handling traffic problems. He has pointed out that 
the method of cutting his diagram into strips is not 
theoretically accurate, as it assumes that the time 
during which n simultaneous connections exist is equal 
to the time during which the nth switch is engaged. 
I think, however, that the essence of Dr. Turney’s 
method is the use of graphical rather than analytical 
means, and I am hopeful of trying his scheme, or a 
modification of it, on actual exchange records when 
opportunity offers. 

I find I have misunderstood Mr. Mason f with regard 
to the applicability of the design curves to all conditions. 
His point is that in the case where all the traffic passes 
over one level of 90 1st selectors (assuming these are 
arranged on 9 shelves) it is not possible to connect 
more than 90 2nd selectors to that level, whereas 113 
are required according to the curve. Such cases are 
rare in this country, however, and have to be catered 
for specially. If no grading is provided, and 10 2nd 
selectors are joined to each shelf of 10 Ist selectors, it 
is clear that all the traffic will be carried without loss. 

I have also received a most interesting letter from 
Mr. E. C. Molina. It includes a eulogy of Adams’s 
work and a comparison of his scheme of “ radical 
slip " with Molina's own method of “ random slip ” 
which was developed independently and is the subject 
of United States specification No. 1528982. The latter 
not only gives a very clear idea of the method (which 
aims at attaining practically the scheme investigated by 
Erlang theoretically) but also develops the theory in a 
manner which is very helpful, although unusual in 
patent specifications. It is interesting to compare the 
way in which Molina, Adams and Aitken (British Patent 
No. 108715) have tackled the problem of limited avail 
bility on lines quite different from grading. 

* See page 217. f Sce page 219 
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DISCUSSION ON 
“HIGH-POWER FUSIBLE CUT-OUTS.” * 


MERSEY AND NORTH WALES (LIVERPOOL) CENTRE, AT LIVERPOOL, 8 NOVEMBER, 1926. 


Mr. L. Breach: The author suggests the use of 
fusible cut-outs for the protection of power station 
auxiliary transformers. I do not agree with him, as if 
for any reason the high-tension fusible cut-outs operate, 
a skilled man will be needed to replace the fuse, and 
the time for replacement will be far too long unless a 
spare bank of transformers is available, in which case 
the fuse can be replaced at a convenient time. In 
modern stations it is, of course, essential that a spare 
bank of transformers shall be available, and, assuming 
that this is so, it is quite possible that the cause of a 
high-tension fuse blowing may be a slightly longer 
time-lag on the protective gear on the low-tension side 
of the system, which may be protected by further cut- 
outs or low-tension oil circuit-breakers ; this being the 
case, on switching in a second bank it is quite likely 
that the high-tension fuse will again operate, there 
being no time-lag on the high-tension side. As a 
matter of fact there are usually several auxiliary trans- 
formers, or rotary convertors with transformers or 
high-tension motor-generators, and I prefer to see 
circuit breakers rated at the same rupturing capacity 
as the main circuit breakers feeding an auxiliary board 
through reactances, with the auxiliaries fed from this 
board through oil circuit-breakers of lower rupturing 
capacity. Station auxiliaries, above all other plant, 
should have a time element in their control gear, even 
if this means that a greater kVA has to be ruptured. 
As regards d.c. auxiliaries, there are so many cases 
where it is essential that there should be no reversal of 
current that circuit breakers operated from reverse 
relays become essential in the main feeds. For feeders 
which may have several substations on the line, fusible 
cut-outs do not offer any discrimination nor do they 
allow of any control of the feeders other than overload, 
though I can, of course, realize that there are instances 
in outlying districts where they will be very useful. 
It is perhaps a little difficult to look at the matter 
through the eyes of an engineer who has miles of lines 
with only villages, small works or farms on the route, 
where the load is not likely to increase to any extent 
in any one spot. In these cases only a small rupturing 
capacity is called for and fusible cut-outs of the liquid 
pattern would no doubt handle these loads, or, if the 
load warrants it, oil-immersed fusible cut-outs might 
be adopted. Referring to Fig. 28, it will be noted that 
there is no method of determining the load on a trans- 
former, but presumably an ammeter could be added if 
desired, and I am rather surprised to see what the 
author would suggest is an old-fashioned fuse on the 
low-tension side of a transformer. We have some 
liquid fuses of the ‘‘ Empire" type on our supply for 
controlling the operating transformers in our automatic 
substations, where the load is more or less constant. 

* Paper by Mr. L. C. Grant (see vol, 64, p. 920), 


We tested these out very thoroughly before adopting 
them, but we are not in a position to say how thev 
will operate on circuit conditions, as none has operated 


though they have been in service several years. We" 


have considered using these on potential transformers, 
but difficulty arose owing to the angle at which they 
had to be placed to keep the fuse immersed in the 
liquid. I thoroughly agree with the author as regards 
the use of limiting resistances for small potential trans- 
formers; we have adopted these throughout our system. 
They take up a good deal of room and are probably 
costly due to the increased amount of room required, 
but they are undoubtedly an added protection, pro- 
viding they are robust and do not themselves act as 
the fuse. Great strides have been made lately in 
low-tension fuses, both in contact pressure and in self- 
aligning devices, and these, together with a suitable 
cartridge fuse, have many useful spheres up to about 
250-300 amperes. If circuits are to be fused above 
this, then the fuses should be in parallel. Since rotary 
convertors were installed in this city we have found a 
great deal of difference in the behaviour of our low- 
tension feeder fuses. When we had only motor- 
generators, the voltage fell on a short-circuit and the 
circuit was ruptured under low-voltage conditions, the 
strip being parted only $£ in., but with a rotary con- 
vertor there is little falling away of voltage and the 
circuit is ruptured on practically full voltage. We 
have some 394 low-tension d.c. lighting feeders, each 
with two fuses in parallel, carrying a load of about 
130 000 amperes at 230 volts. In spite of rotary con- 
vertors, we have not found it necessary to alter the type 
of fuse, which is a simple strip of fuse metal across two 
heavy pillas with a light asbestos shield in front to 
protect the operator. Referring to oil-break fusible 
cut-outs, there does not appear to be any method 
of noting whether these have operated, and I shall 
be glad to have the author's assurance that it is 
possible to detect a fuse which has operated. I quite 
agree that there is a field for liquid and oil-immersed 
fuses, but not for power station work, or on feeders 
when discrimination is required. An oil circuit-breaker 
is, after all, not a very expensive piece of apparatus, 
and has many advantages that are not possessed by the 
oil-immersed fuse. 

Prof. E. W. Marchant : I think that some stress 
should be laid on the necessity for good design in the 
cut-outs used on lighting and power installations at the 
present time. When a circuit which is connected to a 
large network has to be opened, especially if the con- 
nection is through a rotary convertor of large kVA 
capacity, the arc is much worse than if the circuit to 
be opened is connected to a network of small power. 
The first point I wish to raise is in connection with 
Fig. 1, where the oscilograms give the voltage-rise 
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obtained on certain types of cut-out. The bottom figure 
indicates that there is a high voltage-rise on an air-break 
cut-out with strong magnetic blow-out. The voltage- 
rise indicated in the figure is not as large, I think, as 
it is actually, because the oscillograph does not indicate 
the full extent of the high-frequency surge. Some 
trouble has recently been met with on one of the 
American systems using 40 000-volt cables. A length 
of this cable operated quite successfully for two years, 
but when it was put in circuit with another system 
on which surges were liable to occur, the cable broke 
down repeatedly. The necessity for guarding against 
the formation of steep-fronted high-pressure surges is 
becoming increasingly important. The next point I 
wish to mention ic the effect of the material of which a 
fuse is made on its operation. We made a number 
of experiments at Liverpool University with fuses of 
different materials and we found that with an ordinary 
tin fuse on a given circuit the current that was required 
to blow it when a sudden short-circuit occurred was 
about four times that needed to blow the fuse with 
steady current; whereas with fuses of copper or 
aluminium the ratio of the instantaneous to the steady 
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fusing current on the same type of circuit was 2-6. 
From this point of view it is desirable, therefore, to 
use copper as the material for the fuse. Also, since 
the amount in a copper fuse is very much less than it 
is in a tin fuse, copper is less liable to cause fire due 
to the scattering of molten metal when the fuse blows. 
Some years ago we investigated in the Liverpool 
University laboratory the operation of fuses when used 
in series with circuit breakers.* It will be the experience 
of many electrical engineers that a circuit breaker set, 
say, for 500 amperes, will operate when a short-circuit 
occurs on a circuit fused for, say, 200 amperes, and the 
fuse will remain intact. We investigated this pheno- 
menon on a small scale, with a standard I.T.E. circuit 
breaker in series with fuses of different materials. We 
found that a momentary current many times larger 
than the fusing current of the wire might pass and 
operate the circuit breaker without blowing the fuse. 
The results of the test are shown in Fig. H. If a fuse 
the steady fusing current of which was, say, 115 in 
arbitrary units, was connected in series with a circuit 
breaker set for 500 (in the same units), the fuse blew 
* Electrician, 1905-6, vol. 56, p. 792. 


if the momentary short-circuit current (as determined 
by an oscillograph) rose to any value between 115 and 
500. If, however, the short-circuit was more severe 
and the momentary current rose to 600 before the 
circuit was opened, then the circuit breaker operated 
before the fuse. If, however, the short-circuit was 
still more severe and the current rose to 800 before 
the circuit was opened, then the fuse blew before the 
circuit breaker, and this held for all short-circuits of 
still greater severity. The reason was that if the 
short-circuit current was only a little larger than the 
current setting of the circuit breaker, the fuse took 
longer to heat up and the circuit breaker opened before 
the fuse wire had time to melt. If the momentary 
current was larger, the fuse wire heated up more 
rapidly and blew before the circuit breaker had time 
to operate. It was found also that there was much 
more likelihood of a copper fuse blowing without dis- 
turbing a circuit breaker in series with it than with a 
tin fuse. 

Mr. J. A. Morton : I have come into contact with 
this fuse question in regard to fuses for outside use on 
poles for protection of outdoor transformers giving 
three-phase 4-wire supplies to small towns or villages 
from a power company's 6 600- or 11 000-volt overhead 
ring mains. Tappings from such mains to the high- 
tension side of three-phase transformers are taken 
through isolating switches and overhead fuses, all 
mounted on the pole. This is a difficult position for a 
fuse to keep efficient in. These outside transformers 
are quite small, i.e. from 20 to 50 kVA, and the whole 
substation arrangement must be simple, cheap and 
reliable. The greatest difficulty is the cut-out. In one 
case we had to give a low-tension supply through a 
40 kVA transformer and the power company asked for 
11 000-volt three-phase cut-outs with a guaranteed short- 
circuit rupturing capacity of 60 000 kVA. At first 
sight this requirement seems unnecessary, but it is 
quite logical when account is taken of the amount of 
generating plant behind the supply. The power com- 
pany finally accepted 27 000 kVA, because the expulsion 
cut-outs were mounted dead up against their line, but 
they would not have agreed to this otherwise. To show 
the necessity for sound design in such conditions, in 
one case when a fault occurred the fuse protecting 
a small transformer station did not function properly 
and a 25-mile ring main which supplied a number of 
steel works was brought out. For such conditions a 
cheap, reliable and simple cut-out is wanted with the 
fuse element easily renewable. Has silver wire ever 
been considered, and would the use of this help to 
overcome the corrosion trouble ? I have had glass-tube 
cut-outs which could not be relied upon not to blow to 
pieces when a fuse blew; this entailed a complete new 
fuse unit each time. We have lately used on such 
outdoor work a cut-out having a bakelite tube or. 
similar material inside a porcelain housing. The use 
wire is tapered and the tube is solid at the top fnd. 
The fuse blows at the top end of the tube andtehe 
resultant gases blow downwards. This cut-out appears 
to be satisfactory. A three-phase cut-out of this type 
has a rupturing capacity of about 25000 kVA. The 
combination resistance cut-out described near the end 
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of the paper seems to be suitable for this class of 
service. In the case of fuses protecting a cable net- 
work or mixed cable and overhead line, unless a fuse 
blows quickly, cleanly and at a reasonably low load/fus- 
ing-current ratio, voltage-surges (apart from harmonics) 
may be set up in the network. Such surges have been 
recorded in the United States at points very distant 
from each other, where a Klydonograph registered 
14 to 2} times the normal pressure. This should not 
be harmful of itself; but if the fuse-blowing lasts an 
appreciable time, high-frequency waves as well as a 
high voltage are possible, i.e. steep-fronted waves of, 
say, twice the normal amplitude which may puncture 
the insulation where it happens to be weakest; these 
punctures usually lead to breakdowns later on. 

Mr. P. M. Hogg: In the past, high-power cut-outs 
have failed very badly in industrial work, and have been 
generally discarded and replaced by circuit breakers on 
that account. The oscillograms in the paper show, 
however, that the modern well-designed cut-out can 
clear short-circuits of considerable magnitude and 
perhaps we must revise our ideas. There is, however, 
another point. In industrial work generally, and more 
particularly perhaps in any continuous process, if there 
is an interruption of supply it is very important that 
the supply should be restored at the earliest possible 
moment, as a short delay may sometimes be the cause 
of much damage. A considerable delay is almost 
inevitable if fuses are used, and this, I think, will limit 
their application in much industrial work, however 
well they may clear a fault. The oscillogram showing 
the performance of the oil-immersed cut-out (Fig. 35) is 
particularly striking as the fuse apparently clears the 
short-circuit in half a cycle, and does so very cleanly. 
Figs. 26, 27 and 28 show, however, that this oil-immersed 
fuse gear is rather elaborate, and it would seem that 
there would not be a great difference in the cost between 
this fuse gear and a circuit-breaker gear to deal with 
the same load. If the costs are about equal the 
majority of engineers would undoubtedly choose a 
circuit-breaker gear for most industrial work. There 
is one application of high-power cut-outs which will 
probably be more important in the future than it has 
been in the past, namely, the tapping of small amounts 
of power from important high-tension lines, as this 
must be done cheaply if it is to be done at all. 

Mr. T. E. Houghton: It would appear from Fig. 36 
that it is now possible to obtain fusible cut-outs of 
the oil-immersed ironclad type having rupturing capa- 
cities up to 300 000 kVA, and one gathers that the 
author advocates their use in many cases in place of 
oil circuit-breakers. As far as the smaller sizes are 
concerned, such cut-outs have undoubtedly a wide 
field of application, but I think the use of the larger 
sizes will be chiefly restricted to special cases, because 
they only afford simple time-limit overload protection, 
and cannot be adapted for use with balanced protective 
systems. It is only in isolated cases, e.g. a tee off a 
trunk feeder or a short feeder of small cross-section 
from a main substation, where the power controlled is 
small and yet a fairly high rupturing capacity is 
required. In such cases the ironclad fusible cut-out will 
meet a long-felt want. In the majority of cases, how- 


ever, especially on 6 600-volt systems, a switching point 
requiring a rupturing capacity of 200 000-300 000 kVA 
is one of considerable importance, and I do not think 
many engineers would consider the feeders to or from 
such a point adequately protected unless equipped 
with some type of balanced protection, which is, of 
course, impossible with a switch-fuse. The author also 
suggests the use of fusible cut-outs for controlling 
power station auxiliary transformers and distribution 
transformers of 1000-2000 kVA capacity, where a 
rupturing capacity of 25 000-50 000 kVA is required. 
This, of course, can only refer to the secondary side of 
the transformer, since the primary switch would have 
to break the full short-circuit capacity of the system 
at that point, and this would, in general, be considerably 
higher than 50000 kVA. In this case also, I think 
most engineers would consider the use, of balanced 
protection essential, particularly in cases where a 
number of transformers are run in parallel, so ruling out 
the fusible cut-out. The claim that the time-limit 
protection afforded by fusible cut-outs is more con- 
sistent with the characteristics of the circuit protected 
may be justified. In many cases, however, discri- 
minating time-limit overload protection with a definite 
minimum time-setting is required. It appears from 
Fig. 29 that this might be obtained with the bi-metal 
fuse but only at the expense of a corresponding 
variation in the current setting. When all is said, 
capital cost, having regard to the probable revenue 
from the supply to be controlled, will be the deciding 
factor in the choice between oil circuit-breakers and 
switch-fuses, since, I think it will be agreed, the former, 
with fully automatic features, is the more desirable 
proposition. It is disappointing to users of commercial 
fuses to find that so many fail when tested as described 
in the paper. In actual practice, however, the per- 
centage of failures is materially lower, and I am of 
the opinion that, for small-power distribution at low or 
medium pressure, when the protection of individual 
motors is left to the oil circuit-breakers controlling 
them, the ironclad fuse box, equipped with well- 
designed porcelain elements, will continue to be popular. 
The high cost of the cartridge type, together with the 
necessity of keeping a number of spares on hand for 
replacements, will, I fear, prove an obstacle to its 
general adoption for this work. 

Mr. J. C. Prescott : The problem of the protection 
of apparatus and networks by means of fuses presents 
many interesting aspects and the paper deals thoroughly 
with most of them. I should like to suggest to the 
author, however, that an investigation into the amount 
of excess energy passing a fuse before it clears a faulty 
section might be undertaken. He has treated fully of 
the amount of energy liberated in the fuse itself and 
recommends a limiting resistance to cut down the energy 
dissipated in the arc, but I am doubtful whether the 
best current conditions for clearing the fuse coincide 
with the least harmful conditions so far as the external 
circuit is concerned. With regard to the abnormal 
results mentioned by the author as being obtained on 
some fuses which in general operate quite successfullv, 
I suggest that they are due to variations in the initial 
conditions of short-circuit. The oscillograms afford no 
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clue as to the position, on the voltage wave of the 
generator, at which the short-circuit occurred, and it is 
impossible therefore to compare the probable initial 
currents in the various cases. I think that if the 
voltage wave just before short-circuit could have been 
recorded it would have added considerably to the value 
of the curves. 

Prof. F. J. Teago : Fig. 1 shows that the phenomena 
associated with the rupturing of an arc in a magnetic 
feld might well be investigated more closely than the 
author has done. This figure would have been much 
more instructive if the normal terminal, or open- 
circuit, voltage of the machine had been shown along 
with the current curve and the curve showing the 
nature of the pressure-rise across the '' blowing " fuse. 
The scales of the curves should have been given also, 
together with some idea of the magnitude of the flux 
densities referred to by the author as strong and weak. 
I would suggest that the author should amplify Fig. 1 
in his reply by giving the information referred to. 

Mr. W. Wilson (communicated): The subject of 
fusible cut-outs is one of considerable interest, and the 
extension of their use is a proceeding which is to be 
commended by all who realize the increasing cost and 
bulk of mechanical circuit-breaking equipment. Such 
papers as the present one are therefore to be welcomed, 
and in particular those affording data regarding the 
performance of fuses when exposed to the passage of a 
considerable amount of power. It is to be regretted, 
however, that the value of the paper has been reduced 
by certain features which should, I think, be com- 


mented upon in the interests of accuracy and of the 


subject itself. In the first place, a considerable pro- 
portion of the test-results and other data are insuffi- 
ciently reported, vital particulars being omitted ; 
although details that are really superfluous are included. 
For example, the very numerous descriptions of break- 
downs of “ plain ” cut-outs are replete with references 
to blinding flashes, clouds of gas, reports, smoke, etc., 
but the descriptions are of little value as in most cases 
the important -details are missing. These manifesta- 
tions are, in point of fact, the usual phenomena observed 
when a fuse is tested to destruction. No useful purpose 
is served by giving the information that a certain fuse 
showed these signs when it broke down, since a cut-out 
is not completely tested unless it has been stressed to 
this point; but it is of importance to be informed at 
what current, relatively to its rating, it proved inade- 
quate, as well as to have details as to its location, 
enclosure, whether the latter is earthed or not, and 
general design. Further, it is an axiom that there are 
good and bad varieties of everything, and the mere 
quotation of results derived from a vaguely described 
Specimen, such as the porcelain-clad variety on 
page 926, does not prove much, still less does it justify 
the conclusion that '' plain cut-outs, however carefully 
designed, are inadequate . . . and dangerous." Under 
the circumstances it is to be questioned whether the 
lengthy oscillograms that have been freely employed 
are worth the space they occupy. At any rate, if any 
very useful information is to be derived from them 
apart from the voltage and crest currents, and the 
duration in the case of the successful cut-outs only, 


the author has not indicated this; and these parti- 
culars could have been given numerically in all but a 
few typical cases. Again, the curve in Fig. 2 really 
conveys little information, as the size and other definite 
particulars of the fuse are not given. It should be 
realized that the characteristic curves of all mono- 
metallic fuses are alike and are represented by the 
equation 
1 a ae 
p p, e~ 47) 

where @ is a constant depending upon the specific 
resistance, emissivity and diameter of the fuse wire, 
T is the time constant depending upon the density, 
specific heat, emissivity and diameter, and Ty is the 
melting point above atmosphere. The enclosure or 
immersion of the wire merely alters one or more of the 
physical constants and therefore the scale of the curve, 
or, what comes to the same thing, gives one fuse the 
characteristic of one of a smaller diameter or of a 
different metal. The curve exhibited might therefore 
represent the time/current behaviour of numerous 
fuses of every type as regards method of enclosure and 
immersion. I have made many tests of bare and filled 
fuses to check this theoretical proof and have found it 
authentic. Theonly departure from the orthodox shape 
shown by the curve in Fig. 2 is the movement of the 
upper extremity towards the vertical axis, and I would 
ask theauthor to confirm that it should not pass through 
the value 17 minutes at 500 amps. The same criticism 
applies to Fig. 33, and to the statement as to the 
‘“ flattening of the characteristic from the rather angular 
form of similar air cut-outs." As shown above, the 
curves are neither angular nor flattened, but differ only 
in their vertical and horizontal scales. Impossible 
curves are given in Fig. 29, in that the fuses are 
represented as fusing in zero time at finite (and indeed 
small) overloads. Tests are described on page 926 to 
prove that a bare fuse will clear a short-circuit if the 
wire is long enough. Why does the author consider 
that this requires proof, and what information does he 
intend to convey by the diagram in Fig. 6, apart from 
that in the possession of most schoolboys? The 
second feature to which exception should be taken is 
the author's exaggeration and occasional great inac- 
curacy in adducing arguments in favour of his case. 
The impression given is that he has not only magnified 
the difficulties of design but also unduly disparaged 
existing methods and existing designers. On page 920, 
for example, he states that the short-circuit to be 
cleared by a porcelain cut-out is ‘‘ probably 50 kVA 
at most," and in Fig. 36 he tabulates the rupturing 
capacity limit of ''heavy ironclad cut-outs” as 
500 kVA. If he will refer to the B.E.S.A. Specification 
(No. 88) for ordinary duty cut-outs, he will see on 
page 8 a table of specified rupturing capacities for 
porcelain-clad fuses ranging up to 100 amperes, the 
largest of which must rupture 6 500 amperes, or 
1600kW at 250 volts. This has been standard 
practice for at least eight years (the date of the speci- 
fication being January, 1919) ; and not only are such 
performances required in practice, but they are attained 
and exceeded by the porcelain-clad units the author 
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esteems so lightly. As examples of this, the oscillo- 
grams given in Figs. J and K are of interest. They 
are typical of a large number of tests, all giving suc- 
cessful results, made in a d.c. power station during 
i off-peak " hours. Both cut-outs were enclosed in 
Iron cases which were earthed to the neutral through a 
l-ohm resistance, the voltage being 500, and both 
were standard porcelain-clad “ Home Offce” type 
cut-outs conforming with the B.E.S.A. specification. 
In the case of Fig. J the cut-outs were rated at 


[oe 
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Fic. J.—Rupturing tests at 500 volts upon 100-ampere 
porcelain cut-out in ironclad switch case. 


100 amperes, and formed part of a double-pole switch- 
and-fuse unit ; and in the second case the cut-outs were 
a pair in an ironclad distribution box, each rated at 
200 amperes. It will be seen that each cut-out had 
200 volts applied to it, and that the kW actually 
ruptured were 1560 and 2031 respectively. Condi- 
tions then obtaining in the station were unfortunately 
such as to render it inadvisable to test either model to 
destruction, otherwise even better figures would have 
been given. Further information given Ly the oscillo- 
grams is that the current, which was derived from 
a 1000-kW convertor, had practically reached its 
maximum before melting occurred; and that the total 
delay period closely corresponded to 2 cycles at a 
frequency of 50. There is a small negative loop in the 
descending portion of Fig. K, due to the instru- 
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Fic. K.—Rupturing test at 500 volts upon 200-ampere 
porcelain cut-out in iron distribution box. 


ment damping being insufficient for so sudden a 
fall. These tests are not quoted as giving excep- 
tional results as, in fact, they were made upon 
models designed a number of years ago, and are merely 
representative of what well-designed porcelain cut- 
outs can accomplish ; but they will be seen to afford 
a sharp contrast to the figures estimated by the author, 
and to confirm (if confirmation is needed) the B.E.S.A. 
figures. They also may go some small way towards 
correcting the author's opinion that in the design of 
such cut-outs “ there is no real problem involved." It 


should be borne in mind that a d.c. test is more 
stringent than an a.c. test, as the arc has to be ruptured 
instead of merely being prevented from re-forming after 
a zero value of the current. Among other things, this 
entails the vaporization of the whole of the fusible link, 
instead of its mere interruption, by a short-circuit. The 
author mentions on page 922 that with certain cut-outs 
“there is a tendency for portions of the fusible material 
to be left in a non-volatilized condition." Is not this, 
however, a characteristic of a.c. fuse protection and 
actually an advantage when it can be secured ? With 
regard to potential-transformer fuses, the author states 
that there was not in existence ''a reliable fuse for the 
protection of potential transformers and similar duty," 
an allegation that is quite unwarranted. The section 
dealing with this matter is in several respects contrary 
to actual experience, and seems to have been written 
without checking the conclusions arithmetically. Espe- 
cially with regard to the use of resistances in series 
with small high-potential cut-outs, I do not agree with 
the author's statement of the matter, in that, firstly, he 
does not indicate the function of the resistance very 
clearly, and secondly, he seems to overrate both the 
possibility of the voltmeter readings being affected by 
its presence, and also the heating of the resistor. Some 
actual figures based on tests of my own made a year or 
two ago may therefore be of interest. To begin with, 
the effect of the resistance is to share, as well as limit, 
the energy produced on short-circuit. These particular 
tests were carried out in a 6 500-volt power station, 
and consisted of short-circuiting a tubular fuse element, 
8 in. x & in. and filled with calcium carbonate, directly 
across the busbars in series with its resistor. The 
resistance of the fuse wire was 13-3 ohms, and of the 
series resistor 198 ohms, the latter consisting of two short 
rods of carbon composition. It will thus be seen that 
not only is the short-circuit current reduced, but only a 
little over 6 per centof the total short-circuit energy is now 
given off at the fuse, and in consequence the rupturing 
duty is lightened to a very important extent. If the 
impedance of the power station be, for simplicity, 
ignored, the energy appearing at the fuse is reduced 
from 2270 kW to only 9 kW by the addition of the 
comparatively low resistance. Now, the author refers 
to two risks, namely, that the resistors would evolve 
heat and that the voltmeter readings would be influ- 
enced. First, it is reasonable to accept Torchio's 
finding * that a well-designed fuse of this type 
extinguishes a short-circuit in about 0:02 cycle, amount- 
ing to 0-0008 sec. at a periodicity of 25. The energy 
produced in this time = E7t/R = 5 500? x 0-0008/198 
= 122 watt-seconds. The 200-ohm resistor has a 
thermal capacity of 170 watt-seconds per degree C. 
It will therefore be seen that the temperature-rise per 
operation is less than 1 degree C.; and this is borne 
out by my own tests, no heating appreciable to the 
fingers being experienced after four short-circuits 
through the same rods in quick succession. Dealing 
with the second point, the primary current taken bv 
such a transformer is in the vicinity of 0-01 ampere 
at 5 500 volts. The voltage-drop in a series resistor of 
200 ohms is thus 2 volts, or less than 0:04 per cent, 
* Journal of the American I.E.E., 1921, vol. 40, p. 83. 
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this being the extent of the interference with the meter 
reading. The results of the above calculations are so 
widely different from the state of affairs implied by the 
author that although they do not purport to be other 
than approximate, they point to an overstatement as 
to the gravity of both risks. If this is not the case, 
perhaps the author will quote the figures upon which 
his conclusions are based. As regards Fig. 3, it is not 
very clear how this diagram proves the author’s point 
as to the advantage of reducing the load/fusing-current 
ratio, and it would seem that further description is 


needed. There is no doubt at all as to the effectiveness 
of powder and oil filling for increasing the rupturing 
capacity of fusible cut-outs, and these measures are 
rendering very valuable service for high-power and high- 
potential working. For low-tension work up to a 


.rupturing capacity of about 20000 kW, however, the 


porcelain-clad type is much the most convenient pattern, 
and is equal to the demands made upon it. 


(Ihe author's reply to this discussion will be found 
on page 4695.) 


NORTH MIDLAND CENTRE, AT LEEDS, 30 NOVEMBER, 1926. 


Mr. W. D. Lovell: I am very pleased to note that 
the author considers that a cut-out should be capable 
not only of rupturing the fault current but also of 
functioning without causing any explosion or damage 
to itself or adjacent apparatus. The tests carried out 
by him prove conclusively two important factors, 
(1) that the majority of cut-outs at present on the market 
for rupturing large powers are extremely unreliable, 
and (2) that cut-outs can bé made to function efficiently 
and perform their duty without producing any external 
flame, smoke or sound, provided they are designed 
properly. It is therefore quite clear that purchasers 
who insist upon these conditions of operation are not 
asking for anything unreasonable. Furthermore, if all 
cut-outs were designed to meet these requirements, 
operating engineers would be relieved of much anxiety. 
Referring to the powder-filled type of cut-out, I feel 
that if means are provided to control the pressure pro- 
duced by the oxidation of the vaporized metal of the 
element, this type of cut-out has great possibilities. 
On the other hand, if this pressure is not regulated, 
unsatisfactory results may be expected in the larger 
sizes on account of the difficulty of obtaining suitable 
materials to withstand the high pressure obtainable. 
Some short-circuit tests on heavy-duty low-tension 
Aeroflex cut-outs have recently been made on the 
undertaking in which I am associated, and, in view of 
the excellent results obtained, a few details on the 
magnitude of the currents ruptured by these cut-outs 
may be of interest. The current for carrying out the 
tests was taken from a 500-volt battery, having a 
capacity of approximately 5000 ampere-hours (l-hour 
rating), across which the cut-outs were connected through 
a circuit breaker and knife switch. Oscillograph records 
were taken of the current ruptured by the cut-outs 
(650-volt) tested and the following are some of the maxi- 
mum current values recorded :— 


Rated duty Current ruptured 
amps. amps. 
600 25 000 
200 8 000 (estimated) 
40 1 200 
1 17:5 


The performance of all the cut-outs was most satis- 
factory, there being no external flame, smoke or sound 
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produced. On the completion of the tests the cut-outs 
were carefully dismantled and examined, but no parts, 
except the elements, were found to be damaged in any 
way. The statement made by the author, under the 
heading of ‘‘ Cross-section of fusible element," that the 
resistance of the element has very little effect on limiting 
the current, was clearly confirmed in these tests. For 
example, in the case of the 40-ampere cut-out, although 
the resistance of the element was not more than 0-0048 
ohm, and the internal resistance of the battery, plus 
the test leads, 0-02 ohm, the maximum current recorded 
was only 1 200 amperes, which is a value of approxi- 
mately 1/20th of that possible on account of the ohmic 
resistance. The employment of cut-outs on both the 
high-tension and low-tension sides of transformers, in 
addition to auxiliary circuits, introduces a serious diffi- 
culty in the form of discrimination. It is agreed that 
discrimination is possible to a reasonable degree of 
accuracy on overload, but under short-circuit conditions 
it is a far more difficult problem owing to the extremely 
small difference in the time constant of the cut-outs. I 
should therefore like to have the author's opinion on 
this matter and to know whether there have been any 
recent developments in this connection. I should also 
be glad if he would state, in his reply, what methods he 
adopted for measuring the pressures set up in the 
various cut-outs tested by him, and which, in his opinion, 
gave the most accurate results. 

Mr. H. P. Bramwell : I collaborated with the last 
speaker in carrying out short-circuit tests on the special 
type of cartridge cut-out referred to by him. Additional 
tests were made on one heavy-duty cut-out rated at 
650 volts, 40 amperes, and two light-duty cut-outs 
rated at 460 volts, 60 amperes, a drum of cable being 
connected in series to limit the possible short-circuit 
current to about 8 000 amperes. The cut-outs cleared 
the circuit without disturbance, the maximum current 
recorded being about 1 200 amperes. These cut-outs, 
together with a heavy-duty cut-out rated at 650 volts, 
40 amperes, which had been tested directly across the 
battery, were examined carefully afterwards, and, from 
the conditions obtaining inside, it appeared that the 
cut-out which was tested without limiting resistance 
had functioned more efficiently than the others. In his 
introduction the author refers to fusible cut-outs for 
small powers, and where the maximum short-circuit 
current is limited to under 50 kVA. I have recently 
tested a number of 2- and 3-pole ironclad switch-fuses, 
mostly rated at 15 or 30 amperes and 250 or 500 volts, 
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and have found that, within their nominal capacity, 
they will clear a short-circuit effectively, providing 
the case is not earthed. When the case is earthed, 
however, all types (with one exception) failed, owing 
to flashing-over to the metal case from the cut-out 
terminal on the live side. These cut-outs were all of 
the type with porcelain or moulded fuse carriers of the 
bridge or tubular type, and the only fuse which did not 
flash over to the case was one in which the disruption 
of the fuse takes place between a flat porcelain surface 
and a woven asbestos pad, the wires from the terminals 
being reinforced by brass strip as far as the pad. 
Further, rubber buffers are fixed on the inside of the 
case to hold the fuse carrier in close contact with the 
pad, as it has been found that this type of fuse becomes 
non-effective if the carrier, by reason of vibration or 
other causes, is allowed to move away from the pad. 
Mr. R. M. Longman: In discussing this paper we 
should remember that it consists of two different 
sections. One is for cut-outs for d.c. operation, and 
the other for a.c. operation. Whilst I quite appreciate 
the contributions of the previous speakers who were 
referring to operation on d.c. circuits, I think the author 
was dealing with the use of weak magnetic blow-outs 
on a.c. circuits. The two conditions are really very 
different. Some years ago I took part in a series of 
tests on cut-outs on a 500-volt d.c. system. Current 
was obtained from a 500-kW motor-generator connected 
to a large three-phase system, but in the majority 
of cases (particularly of ironclad cut-outs) the cut-outs 
and often the containing box were shattered. Further 
tests were made with a battery which would give 3 000 
amperes at 480 volts, at that time the largest in the 
country. The magnetic blow-out cut-outs that were 
tried at that time did not operate satisfactorily. The 
cut-out which cleared most satisfactorily was of the 
dust-filled cartridge type in which 6 or 8 wires in parallel 
formed the fuses. The 600-ampere cut-outs blew quite 
satisfactorily. I do not think the author is favourably 
disposed towards this type, but that is my recollection 
of these tests. In Fig. 36 the rupturing capacity of 
the liquid-filled tubular cut-out is given as only 
5000 kVA. Does the author there include the carbon 
tetrachloride type of cut-out or does he include them in 
the last type shown on the lantern slide, in which there 
is a resistance also? In the early part of the paper 
the author refers to the ratio of minimum fusing current 
to load current. I think that is an important point, 
and we have been using a certain number of these bi-metal 
cut-outs for low-tension distribution work. Unfor- 
tunately, the particular type in use does not seem to have 
a big rupturing capacity. When dealing with a.c. distri- 
bution the safest way of deciding the rupturing capacity 
of the cut-outs required on the low-tension side is to 
take the maximum size of the transformer that is likely 
to be required for that particular network and consider 
its impedance and nothing else. For example, consider 
a district requiring a 200-kVA transformer for its 
ultimate load. If the impedance is assumed to be 
4 per cent the rupturing capacity of cut-outs on the 
low-tension side should be 200 x 100/4 = 6000 kVA. 


All the main low-tension cut-outs in the substation or 
outside in network boxes should be of that capacity. 
I fully agree with the author's remarks in regard to 
the inadvisability of using magnetic '' blow-outs " for 
a.c. work. We have a number of tetrachloride cut- 
outs of 10- and 25-ampere size connected, operating 
at 11 kV. I think they have been very satisfactory. 
We are certainly not using them above 50 amperes, but 
I believe that the makers give 100 amperes as their rated 
duty. I should be glad if the author has any experience 
of the American type of plug cut-outs which are seen 
in illustrations of underground substations. The paper 
gives a good description of the oil cut-outs manufac- 
tured by a certain firm, to whom no doubt there is a 
very large amount of credit due for their development 
of it. I understand that a number of other manu- 
facturers are following in their footsteps. I take it 
they have to go warily because there are certain pitfalls 


into which they may drop, with the result that the 


cut-out may not clear in the manner desired. Has 
the author any experience of mercury cut-outs, using 
a small column of mercury ? I have seen a few tests 
carried out on this type, but unfortunately an oscillo- 
graph was not inserted. The way in which they operated 
and the rapidity of their operation were very striking. I 
doubt whether the oil-immersed cut-outs are more 
rapid. There are difficulties in their construction. The 
tests were carried out at low tension, but they exhibited 
a rupturing capacity of 2000 kVA even with sizes from 
2 amperes to 100 amperes. When using cut-outs for 
protection on three-phase circuits there is the danger of 
one blowing, leaving the supply on single-phase. A 
previous speaker has referred to the difficulty of using 
cut-outs on both sides of a transformer, and in such Case, 
to allow a pretty wide margin in the ratings between 
the high- and low-tension cut-outs, the low-tension side 
should clear before the high tension—except in the 
event of a transformer failure. One point which the 
oil cut-out has in its favour is the possibility of using 
it for small supplies off a large main. I think that is 
one of their very great advantages because it enables 
small supplies to be given at a reasonable figure. 

Mr. W. F. C. Cooper : I am chiefly interested in the 
paper in connection with the similarity between oil 
cut-outs and high-tension oil circuit-breakers. With 
regard to the magnetic '' blow-out," I think that Mr. 
Longman is right in stating that its disadvantages are 
greatest with alternating current, since it would appear 
that with the magnetic blow-out on alternating current 
the greatest force is obtained when it is of least use and 
is zero when the current is zero, at which point the arc is 
most easily ruptured. The high resistance of the arc, 
due to its increased length, causes a high voltage and 
the energy liberated is very greatly increased. In 
addition to this, such an arc is very unstable and makes 
the foundation of the design very uncertain. I cannot 
sce, on the face of it, why an oil cut-out should not 
have a breaking capacity at least equal to that of any 
oil circuit-breaker. The same conditions, volume of oil, 
speed, etc., can be obtained. Experience and research 
are of course required. 
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THE AUTHOR’S REPLY TO THE DISCUSSIONS AT LIVERPOOL AND LEEDS. 


Mr. L. C. Grant (in reply) : Mr. Breach has apparently 
not entirely understood my remarks. I referred chiefly 
tc the protection of power station auxiliaries, not power 
station auxiliary transformers. The problem is to some 
extent an economical one so far as power station motor 
circuits are concerned, while the main circuits, such as 
the auxiliary supply transformer, can be protected either 
by fusible cut-outs or by switchgear, but whichever course 
is adopted there is not a large sum involved. I think, 
however, that there is a little more in protection of, for 
instance, power station auxiliaries than he implies later 
in his remarks. On the question of protection of small 
supplies, I think he again has not understood my sugges- 
tions. He will furthermore, find, on reference to the 
paper, that short-circuit tests have been carried out on 
the fusible cut-outs to which he refers. I have seen the 
installation of limiting resistances to which he refers and 
I think this rather illustrates my point tbat to make a 
safe separate limiting resistance, a bulky and expensive 
piece of apparatus results, but I would refer him to 
the tests carried out on the cut-outs embodying limiting 
resistances in their construction and wherein satisfactory 
operation was obtained at but a fraction of the cost of 
separate limiting resistances. I am afraid that I do 
not consider that improvements in contact pressure 
and self-aligning devices are ''great strides ” in the 
development of fusible cut-outs. These surely are 
details which should receive attention in their place. 
The main problems are those mentioned in the paper, 
firstly, the production of a fusible cut-out which will 
clear the worst fault without any explosion and, secondly, 
accuracy of rating which can be obtained commercially 
within 8 per cent limits. I do not agree with the use 
of fuses in parallel for heavy-current circuits. This 
method largely neutralizes the advantage which can be 
obtained from properly designed fusible cut-outs, and 
effects little, if any, improvement in the working of 
badly designed cut-outs. I am afraid that I consider 
Mr. Breach’s remarks as being to some extent an apology 
for inefficient fusible cut-outs, especially when he 
refers to shields for protecting the operator from his 
cut-outs, and upon strip fuses which are well known 
to operate explosively. With regard to his closing 
remarks, I would just remind him that the majority of 
power stations lately built have extensive fusible cut- 


out installations, both of the oil-immersed and the 


cartridge type. 

I agree with Prof. Marchant’s opening remarks, 
particularly when he mentions that the voltage-rise 
across the arc is probably greater than that shown by 
the oscillograph. The oscillograph will not respond 
to any very high frequency. Voltage surges due to 
switch and fuse operation are becoming increasingly 
troublesome, and the American experience he quotes 
is typical of several others. It is becoming increasingly 
important to guard against surges of all characters, and 
if switching surges can be avoided at the source by the 
installation of correctly designed apparatus, so much 
the better. I am interested in his tests and the com- 
parative performance of fuses and circuit breakers which, 


as a particular case, bear out general experience of 
fusible cut-outs. 

Mr. Morton's experiences are typical. Glass-tube 
fuses of the type he indicates cannot be relied upon 
on short-circuit and usually the tube is blown to pieces. 
His experiences with badly designed cut-outs are just 
what must be expected, and the instance he cites of a 
25-mile ring main being brought out through a single 
faulty fuse operation is, I am afraid, what would happen 
with the majority of so-called high-power fuses on the 
market to-day. However, it is reassuring to know that 
there are a few fuses available which will do the job 
properly, and I have tried to indicate these in the paper. 
Silver wire is very much superior from the corrosion point 
of view. Mr. Morton also refers to the danger of high- 
frequency surges due to the danger of badly operating 
fuses or circuit breakers. I have referred to this in my 
reply to Prof. Marchant. 

Mr. Hogg need not worry unduly about the cost of 
the oil-immersed fuse equipment, which is much less 
than -that of a corresponding circuit breaker. Surely 
there is no difficulty in carrying spare cartridges which 
are not expensive nowadays and which will enable a 
fuse circuit to be started up again as rapidly as a circuit 
protected by switches. 

Mr. Houghton’s remarks on the relation of fuse sizes 
to line rupturing capacity are very much to the point, 
but I should like to make it clear that I do not advocate 
fusible cut-outs for work for which they are unsuitable, for 
instance on a circuit which must obviously be protected 
by the balanced system. Much of this sort of work is 
stereotyped nowadays. There are, however, many in- 
stances where fusible cut-outs can be employed, even 
on a feeder with balanced protective apparatus. There 
are also overload feeders which can be more economically 
protected by fusible cut-outs while consumers’ installations 
where high-tension switch-fuses can be installed are prob- 
ably in the majority, as compared with circuit breakers. 
There appears to be a mistaken impression with regard 
to the modern cartridge and oil-immersed cut-outs. The 
former can be obtained at the price of porcelain-handle 
cut-outs, while the latter costs normally one-half to one- 
third the price of the corresponding oil circuit-breaker. 

With regard to Mr. Prescott’s remarks, the modern 
fusible cut-out operates very rapidly and the energy 
passed up to the time of clearance is usually considerably 
less than the maximum current which would be passed if 
the fuse were not there to limit the current. It seems 
clear, therefore, that speed of break and, consequently, 
reduction of arc energy are being handled efficiently. 
The best clearing conditions do not necessarily imply 
the best conditions for a circuit as a whole, and I refer 
to this to some extent in the paper. The abnormal 
results mentioned in the paper and discussed at the 
meeting have been proved by test not to be due to the 
initial conditions of short-circuit. Tests have been 
carried out with various degrees of asymmetry in order 
to investigate this. 

The publication of the flux density for the particular 
tests referred to in Fig. 1 would not, I think, help 


456 


DISCUSSION ON ‘ HIGH-POWER FUSIBLE CUT-OUTS." 


very much, but if Prof. Teago would like to investigate 
the matter further I should be pleased to give him any 
information I have available with regard to flux densities 
in magnetic blow-out fields. To be useful, such informa- 
tion would have to be too lengthy to include in the 
Journal in a discussion of this sort. 

The information required by Mr. Wilson with regard 
to the relation between rated current and breakdown 
current is given within limits in the paper. The power 
employed in the tests was arranged in steps which were 
thought to corespond most nearly to practical con- 
ditions, in order to make the paper as generally useful 
as possible. I am afraid I disagree almost entirely 
with his succeeding remarks. In the expansion of his 
formula he does not take into account various factors 
which are the main reason for publishing fuse curves of 
different materials and with different methods of en- 
closure. Perhaps through unfamiliarity with the subject, 
he misinterprets various sections of the paper. The 
power interrupted by the cut-outs to which he refers 
is not the important point—the manner of interruption 
is. The B.E.S.A. Specification to which he refers is, 
I believe, generally agreed to be somewhat out of date 
and is undergoing revision. It was compiled at a time 
when fusible cut-outs had not received serious con- 
sideration, but the outlook is different now. In the 
paper he will find descriptive tests on porcelain cut-outs 
of a somewhat similar pattern to those to which he 
refers, and on even more elementary though probably 
safer cut-outs, in which many times the power he refers 
to is " interrupted" in the usual explosive manner. 
His own tests, including those on cut-outs in iron boxes, 
were refuted bv tests carried out independently at 
Manchester recently and witnessed by those engineers 
who attended the Manchester meeting. One of Mr. 
Wilson's two oscillograph records bears a resemblance to 
similar oscillograph records in my possession and which 
usually indicate that a breakdown to earth has resulted 
during operation. The extract to which he refers on 
page 922 has a different meaning when the paragraph 
quoted is given fully. I introduced this portion to 
emphasize the danger of portions of metal and other 
material being ejected during the explosive rupturing 
of a cut-out. The statement of the case for series 
resistances is obviously not a theoretical one but is 
the result of tests modified with a reasonable factor 
of safetv after consultation with manufacturers and 
users. The case mentioned by Mr. Wilson in which he 
quotes Torchio's statement is only one example of what 
might happen on short-circuit tests on such a fuse. 
A long series of tests confirm that considerably greater 
margins must be allowed and I do not think he interprets 
Torchio quite fairly. 

Mr. Bramwell’s remarks are interesting, additionally 
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so where he refers to tests on ironclad switch-fuses of 
the air-insulated type. His experiences with arcing 
to the coutainer are similar to my own and I think are 
typical of experience and tests generally. Such odd 
cases as there are of statements to the contrary are 
somewhat peculiar. 

I agree with Mr. Lovell’s remarks on the general 
application of fusible cut-outs and I note the very good 
results he has obtained in his tests, which confirm 
those that I carried out. It is almost uncanny to find 
the cartridge fuse of the type he mentions interrupt- 
ing tens of thousands of amperes without anv flame, 
smoke or sound. It is interesting, too, to find that 
Mr. Lovell’s tests show the limiting effect so clearly. 
I gave in my reply to the London discussion details of 
pressure-measuring apparatus, and if Mr. Lovell would 
like any further information I should be pleased to supply 
it. There has been a fair amount of progress made in 
discrimination on both load and short-circuit conditions 
and I believe Mr. Lovell has now information which 
shows how discrimination of this character could be 
obtained commercially. 

Mr. Longman’s tests on air cut-outs, and particularly 
those in ironclad cases, were just as disastrous as those 
of others who have contributed to this discussion, and 
agree with my own experience. Magnetic blow-out 
is similarly unsatisfactory with him. The tests on 
multiple-wire elements and dust-filled cartridge cut- 
outs are interesting and, in general, agree with my 
statements on page 924. A considerable part of the 
benefit is obtained from the use of multiple-wire elements, 
but to obtain consistency of operation something more 
than the usual so-called dust fillings are necessary. 
The rupturing capacities given in Fig. 36 refer to all 
types of liquid-filled glass-tube cut-outs without re- 
sistance in series. With regard to Mr. Longman' 
low-tension cut-out, bi-metal alone will not increase 
rupturing capacity appreciably. It is the arrangement 
of the element and the use of efficiently filled cartridges 
that matter. Obviously bi-metal in a porcelain carrier 
can hardly be any less unsatisfactory than any other 
metal, and I think it is cut-outs of this type to which 
Mr. Longman refers. The performance of the American 
cut-outs to which he refers is dealt with on page 930. 
The mercury cut-out is apparently undesirable when 
large currents have to be handled. It seems to operate 
very well at comparatively small currents. 

Mr. Cooper's remarks, so far as they go, are similar 
to those of Mr. Longman and generally confirm the 
I agree with 
him that an oil-immersed fusible cut-out should have 
a breaking capacity at least equal to that of an oil 
circuit-breaker of similar volume, speed and similar 
particulars. 
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The Annual Dinner of the Institution was held at 
the Hotel Cecil on Thursday, 10th February, 1927, 
when the President, Dr. W. H. Eccles, F.R.S., presided 
over a gathering numbering about 620 persons. On 
this occasion the Institution was honoured by the 
presence of His Royal Highness the Prince of Wales. 
Among others present were: Lt.-Col. the Rt. Hon. 
Wilfrid Ashley, M.P. (Minister of Transport) ; the Rt. 
Hon. the Viscount Falmouth (Member of Council) ; the 
Rt. Hon. Lord Southborough, P.C., G.C.B., G.C.M.G., 
G.C.V.O., K.C.S.I. (Honorary Member); the Rt. Hon. 
Lord Rayleigh, F.R.S. (Emeritus Professor of Physics, 
Imperial College of Science and Technology); A. M. 
Samuel, M.P. (Secretary, Department of Overseas Trade) ; 
the Rt. Hon. Sir Joseph Cook, G.C.M.G. (High Commis- 
sioner for the Commonwealth of Australia) ; the Hon. J.S. 
Smit (High Commissioner for the Union of South Africa) ; 
the Hon. Sir C. A. Parsons, K.C.B., F.R.S. (Honorary 
Member) ; Rear-Admiral Sir A. E. M. Chatfield, K.C.B., 
K.C.M.G., C.V.O. (Third Sea Lord and Controller, 
Admiralty) ; Major.-Gen. H. F. Thuillier, C.B., C.M.G. 
(Director of Fortifications and Works, War Office) ; Marshal 
Sir H. M. Trenchard, Bart., G.C.B., D.S.O. (Chief of 
Air Staff, Air Ministry); the Rt. Hon. Sir Henry 
Norman, Bart.; Sir Hugo Hirst, Bart.; Senatore G. 
Marconi, G.C.V.O., LL.D., D.Sc. (Honorary Member); 
Sir John Snell, G.B.E. (Past-President, I.E.E. ; Chairman, 
Electricity Commission); Sir Sydney Chapman, K.C.B., 
C.B.E. (Permanent Secretary, Board of Trade); Sir 
R. T. Glazebrook, K.C.B., F.R.S., Past-President) ; 
Sir H. Frank Heath, K.C.B. (Secretary, Department of 
Scientific and Industrial Research); Sir G. Evelyn P. 
Murray, K.C.B. (Secretary, General Post Office); Sir 
T. H. Holland, K.CSI., K.C.I.E., F.R.S. (Rector, 
Imperial College of Science and Technology ; President, 
Institution of Mining and Metallurgy ; Chairman of 
Council, Royal Society of Arts); Sir W. S. Abell, 
K.B.E. (Chief Ship Surveyor, Lloyd's Register of Ship- 
ping); Sir W. H. Bragg, K.B.E., F.R.S. (Fullerian 
Professor of Chemistry, Royal Institution); Sir James 
Devonshire, K.B.E.; Sir Joseph Petavel, K.B.E., 
F.R.S. (Director, National Physical Laboratory); Sir 
H. Haward (Vice-Chairman, Electricity Commission) ; Sir 
George Hume, M.P. (Chairman, London County Council) ; 
Sir B. Longbottom (Member of Council); Sir Ernest 
Rutherford, O.M., F.R.S. (President, Royal Society) ; 
Major the Hon. Piers Legh, C.M.G., C.I.E., M.V.O., 
O.B.E. (Equerry in Waiting); P. F. Allan (Hon. 
Secretary, North-Eastern Centre); Ll. B. Atkinson 
(Past-President) ; Councillor S. P. B. Bucknill, J.P. 
(Mayor of Westminster); J. W. Burr (Past-Chair- 


man, Western Centre); R. A. Chattock (Past-Presi- 
dent); Dr. A. H. Coley (President, Incorporated Law 
Society) ; A. C. Cramb (Member of Council); F. W. 


Crawter (Member of Council); Col. R. E. Crompton, 
C.B. (Past-President; Honorary Member); R. A. 


Dalzell, C.B., C.B.E. (Director of Telegraphs and Tele- 
phones, G.P.O); W. R. Davies, C.B. (Assistant 
Secretary, Technological Branch, Board of Education) ; 
Lt.-Col. K. Edgcumbe, R.E. (T.A.) (Vice-President) ; 
R. N. Eaton (Hon. Secretary, Irish Centre);. A. R. 
Everest (Chairman, British Electrical and Allied 
Industries Research Association); Prof. Ch. Fabry 
(President, Société Française des Electriciens); Dr. 
S. Z. de Ferranti (Past-President ; Honorary Member) ; 
Prof. C. L. Fortescue, O.B.E. (Member of Council) ; 
H. Cecil Fraser (Hon. Secretary, North Midland Centre) ; 
R. Grierson (Member of Council); Dr. J. S. Haldane, 
F.R.S. (President, Institution of Mining Engineers) ; 
W. G. Heath (Chairman, Western Centre); Major 
E. O. Henrici, R.E. (Ret.) (Member of Council); J. S. 
Highfield (Past-President); W. E. Highfield (Member 
of Council) ; H. Hooper (Hon. Secretary, South Midland 
Centre); W. S. Jarratt (Comptroller-General; H.M. 
Patent Office); L. J. Kettle (Chairman, Irish Centre) ; 
W. W. Lackie, C.B.E. (Electricity Commissioner) ; 
Col. J. F. Lister, C.M.G. (Chairman, South Midland 
Centre); A. L. Lunn (Hon. Secretary, North-Western 
Centre); C. H. Merz; Col. R. K. Morcom, C.B.E. 
(Chairman, British Electrical and Allied Manufacturers’ 
Association); W. M. Mordey (Past-President) ; Brig.- 
Gen. M. Mowat, C.B.E. (Secretary, Institution of 
Mechanical Engineers); A. Page (Vice-President); 
R. W. Paul (Member of Council); R. W. L. Phillips 
(President, Incorporated Municipal Electrical Associa- 


Hon); Col. T. F. Purves, O.B.E. (Vice-President, 
I.E.E.; Engineer-in-Chief, General. Post Office); Dr. 
A. H. Railing (Member of Council); W. Reavell 


(President, Institution of Mechanical Engineers) ; Prof. 
O. W. Richardson, F.R.S. (President, Physical Society 
of London); P. J. Robinson (Chairman, Mersey and 
North Wales (Liverpool) Centre}; C. Rodgers, O.B.E. 
(Member of Council); J. Rosen (Chairman, North- 
Western Centre); Dr. A. Russell, M.A., D.Sc., LL.D., 
F.R.S. (Past-President); R. H. Selbie, C.B.E. (Presi- 
dent, Institute of Transport); E. H. Shaughnessy, 
O.B.E. (Member of Council); T. F. Sibley, D.Sc. 
(Principal Officer, University of London); R. P. Sloan 
(President, British Electrical Development Association) ; 
F. E. Smith, C.B., C.B.E., F.R.S. (Director of Scientific 
Research, Admiralty) ; Roger T. Smith (Past-President) ; 


C. P. Sparks, C.B.E. (Past-President) ; C. S. Taylor 
(Hon. Secretary, China Centre); J. Tavlor (Hom. 
Secretary, Scottish Centre); Prof. W. M. Thornton, 
O.B.E., D.Sc. (Vice-President); E. F. C. Trench, 


C.B.E. (Vice-President, Institution of Civil Engineers) ; 
S. J. Watson (Member of Council); O. C. Waygood 
[Hon. Secretary, Mersey and North Wales (Liverpool) 
Centre]; J. Whitehead, K.C.; T. P. Wilmshurst 
(Electricity Commissioner); W. B. Woodhouse (Past. 
President) and P. F. Rowell (Secretary). 

The toasts of ' His Majesty the King” and “ Her 
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Majesty the Queen, His Royal Highness the Prince 
of Wales, and the Other Members of the Royal 
Family," were proposed by the President and loyally 
received. 

His Royal Highness the Prince of Wales, K.G., 
who, on rising to propose the toast of ‘‘ The Institution 
of Electrical Engineers," was received with loud and 
prolonged cheering, said: ''I thank you very much 
for your invitation to your dinner this evening, and I 
should like to assure you that I am very happy indeed 
to be able to accept it. Perhaps you do not know 
that I have a very great debt of gratitude which I 
owe to all of you electrical engineers, and I am glad 
of the opportunity to express it. I happened last year 
to be the President of the British Association. It is a 
very great honour, and I do not know why I was chosen. 
Anyway, I had to deliver a Presidential Address, and 
at the end of that address Lord Balfour expressed the 
hope that my year of office would be marked by some 
striking scientific achievement. This hope was received 
with great enthusiasm, and everybody who was present 
that evening looked at me until I began to feel that it 
was up to me to do something. But the best I could 
do was to re-echo Lord Balfour's words and hope and 
trust very sincerely that something very important 
would turn up. Weeks and months went by and nothing 
seemed to happen and I began to feel that my Presi- 
dential year was going to be a failure. And then, 
about a month ago, came the sudden announcement 
that, as a result of the labours of electrical experts in 
this country and in the United States of America, 
the Atlantic had been finally bridged by wireless tele- 
phony, and to-day anybody in Great Britain can—at a 
price—call up anybody in America whenever he cares. 
I am confident that before next August some of you 
wil produce triumphs which will be no less epoch- 
making—l do not know how many of us want to be 
seen while we are talking—but, at any rate, this wireless 
telephony triumph gives the hall-mark to my term 
of office in the British Association. It makes me feel 
that, come what may, I am dormy ; and that, as some 
of you may know, is a nice comfortable feeling, which 
relieves one of all anxiety for the future. When one 
reads of the excitement that was aroused by the opening 
of the first transatlantic cable, it seems surprising how 
calmly everybody has accepted this wonderful achieve- 
ment of being able to call up the United States of 
America. Science can triumph over time and space. 
It is now possible for a New Yorker, about luncheon- 
time, to talk to a Londoner, about dinner-time, and 
there is nothing whatever to indicate that they are 
not in the same city, except for the bill which one of 
them will subsequently get! It would be a nice point 
to decide which of them would be right if they started 
arguing what time of day it was. I must leave that 
to scientists to settle, with the reservation that though 
they might differ as to whether it was time for luncheon 
or time for dinner, it was, anyway, time for a cocktail. 
Now, to be serious, a great achievement such as this 
must be a source of great satisfaction to all the members 
of an Institution such as yours. I remember in that 
same Presidential Address to which I referred just 
now, I pointed out that, though the period of prepara- 


tion by research before science can offer the world some 
new benefit may be long, yet the scientific machine is 
always running quietly in the laboratory. You know, 
of course, and I know, as the general public can never 
know, the amount of hard work and brain-power 
expended in keeping that machine running, and when, 
as now, it finally produces some striking invention for 
the use of civilization, you, who are behind the scenes, 
can appreciate, as no outsider can, the difficulties 
which have been overcome and the patient skill which 
has been exercised over a period of, perhaps, many 
years. It is in this regard that the great value of such 
societies as yours lies. Individual effort, by itself, 
would not keep the machine running smoothly, and 
were it not for the existence of our various scientific 

and technical institutions, it might even come to a 
standstill. That emphasizes the value of your Insti- 
tution. It bridges the great gulf between pure science 
and practical science. All of you electrical engineers 
have been in the forefront of an industry that has, 
without treading on other people's toes, developed more 
quickly than any other industry in our generation. 
Look what you have given to the community—the 
telephone, electric light, electric power, and then radio. 
Your inventions are known throughout the world and 
in every home at the present time. There is no limit 
to what you can do and to what you can invent. It 
is up to the great industries to take up and use what 
you invent, and it is also up to the community to try 
them out. I think perhaps we in this country are apt 
to be somewhat afraid of new things. We have had 
many surprises in the last few years, and I think that 
we have found them useful As to any others that 
may come along, I say to the community, ' Try them 
out. This country would be in a very bad way if it 
did not back up inventions. The spirit of invention, 
thanks to all of you, is with us. You are the pioneers 
of invention and research. If the people of this country, 
and of the Empire, do their duty, I am quite sure that 
all of you will deliver the goods. I wish you every 
possible success, and I ask you to join with me in 
drinking the health of this great institution, the Insti- 
tution of Electrical Engineers.” 

: The President, in responding, said: ' I am sure 
that I am expressing the sincere feeling of this great 
gathering when I say that we are honoured and delighted 
that His Royal Highness the Prince of Wales has 
spared time from his busy life to speak to us this 
evening. The Institution, which numbers nearly 13 000 
members, comprises within its fold electrical employers 
arid employees, consultants, inventors and men of 
science. It is therefore very closely in touch with 
every electrical activity of the country, and may, I 
think, represent all electrical parties on an occasion 
like this. I feel that the speech of His Royal Highness 
will be taken as a compliment to the present status of 
the electrical industry and as a recognition of its rising 
prestige. The growth of the electrical industry in this 
country, and in the Empire, has been indeed remarkable, 
for in less than a century the capital invested has risen 
from nothing at all to more than 1 000 million sterling. 
Late in the Eighteenth Century, when the steam engine 
was beginning its conquest, all that was known of 
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electricity was based on the fact that a piece of sealing- 
wax rubbed with a piece of flannel attracted light 
objects such as bits of paper. At the beginning of the 
Nineteenth Century, when the marine engine and the 
locomotive founded their empire, electricity was still 
a sort of butterfly chased by natural philosophers. 
But about 80 years ago the electric telegraph became a 
practical thing, and soon it was realized that electricity 
could convey news and thought just as the steam engine 
could carry men and materials. What is called light- 
current electrical engineering then began. Suddenly, 
about 60 years ago, another use for electricity arose, 
to the great surprise of many of the telegraph men— 
the transmission of energy for lighting lamps and for 
driving machinery. In fact, electricity undertook, for 
the first time, to take the power of a steam engine or a 
waterfall and deliver it at a distance. Thus began 
heavy-current electrical engineering. There are men 
with us to-day who can remember the beginning and 
the time when heavy-current engineering was of no 
importance at all. During the past 60 years the 
electric telegraph, as His Royal Highness has indicated, 
has been followed by the telephone and by wireless, 
and these have speeded the efforts of the brain-worker 
just as steam has increased the output of the hand- 
worker. Telegraphy has served Governments and 
peoples, peace and war, impartially. Its repercussions 
on human affairs can hardly be estimated. Think 
how it enables the printing press to achieve swift 
publicity ; and even when in times of emergency the 
printing press fails us, look how wireless broadcasting 
can relieve the anxiety of the nation. In the other 
branch, in heavy-current electrical engineering, growth 
has been equally remarkable and may be measured by 
the fact that more than 700 million sterling is invested 
in the electrical equipment of this country. If the 
economic forces calling to-day for the wider use of 
electricity in our mills and factories are given free 
play, this capital outlay will probably be doubled 
within the next 20 years. In passing, may I suggest 
that these fruits of our electrical age, the good and the 
bad effects of applied science in the modern world, 
are worth closer study than we usually give them. 
May I be permitted to alter a famous line and say: 
What do they know of science who only science know ? 
But to many of us the immediate question is, I think, 


can Britain, which was the workshop of the world 
during the steam age, keep a leading place in the 
expanding electrical age ? Or are the complications 
of the electrical machinery of the future going to be 
too much for us? The question can be answered, I 
believe, by glancing at the electrical record of the past 
year or so. First take the telegraphic side. Last 
year, Englishmen laid in the Pacific the longest sub- 
marine cable in the world and of the most modern 
type. At the beginning of the year the Post Office 
opened their wireless station at Rugby and its signals 
were received all over the globe. Accurate measure- 
ments show that it gives the most powerful signals in 
the world. The wireless beam service with Canada 
has been opened successfully. In design and construc- 
tion the Rugby station and the beam stations are far 
in advance of foreign practice. Lastly, as His Royal 
Highness has ‘mentioned, a transatlantic telephony 
service has begun and one may now speak from London 
to Washington. That is our telegraph record for one 
year. Next, in respect of electricity supply, several of 
our big supply organizations have installed new plant 
more efficient than any other in Europe, though not 
quite up to some of the exceptional plants in America, 
As regards electrical manufactures, the statistical 
returns show that this country is now leading in the 
electrical export trade of the world; and I am 
informed that our manufacturers booked orders in 
1926 amounting to 20 million sterling. Thus we may 
claim that our electrical capabilities as a nation are 
proved. This Institution exists solely for pressing 
forward the applications of electrical science, and its 
ambition is to help to make Britain the foremost of 
the electrical nations. That our ambition has the 
sympathy of Your Royal Highness we know from 
your kind words to us this evening and we thank you 
with all our hearts." 

Dr. S. Z. de Ferranti (Vice-President and Honorary 
Member) then proposed the Toast of ''Our Guests," 
to which the Rt. Hon. Wilfrid Ashley, P.C., M.P. 
(Minister of Transport), and Prof. Ch. Fabry (Presi- 
dent, Société Frangaise des Electriciens) responded. 

A reunion was subsequently held in the Victoria 
Hall of the Hotel and was honoured by the attendance 
of H.R.H. the Prince of Wales, to whom many of the 
members were introduced. 
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PROCEEDINGS OF THE INSTITUTION. 


750TH ORDINARY MEETING, 16 DECEMBER, 1926. 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 

The minutes of the Ordinary Meeting held on the 2nd 
December, 1926, were taken as read and were confirmed 
and signed. : 

A list of candidates for election and transfer approved 
by the Council for ballot was taken as read and was 
ordered to be suspended in the Hall. 


A paper by Col. E. Mercier, entitled '* Notes on the 
60 000-Volt Underground Network of the Union d'Elec- 
tricité," was read, on behalf of the author, by Mr. J. 
Fallou, and was discussed. 

On the motion of the President a hearty vote of 
thanks was accorded to the author, and to Mr. Fallou 
for reading the paper, and the meeting terminated at 
7.55 p.m. | 


58TH MEETING OF THE WIRELESS SECTION, 5 JANUARY, 1927. 


Prof. C. L. Fortescue, O.B.E., M.A., Chairman of 
the Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the Ist December, 1926, were taken as read and 
were confirmed and signed. 

An informal discussion on '' The Acoustic Problems 
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of Microphones and Loud-Speakers ” was introduced 
by Mr. G. H. Nash, C.B.E. 

On the motion of the Chairman a vote of thanks to 
Mr. Nash for opening the discussion was carried 
with acclamation, and the meeting terminated at 
7.55 p.m. 


75lsr ORDINARY MEETING, 6 JANUARY, 1927. 


Mr. A. Page, Vice-President, took the chair at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
16th December, 1926, were taken as read and were con- 
firmed and signed. 

A list of candidates for election and transfer approved 
by the Council for ballot was taken as read and was 
ordered to be suspended in the Hall. 

A list of donations and annual subscriptions to the 
Benevolent Fund (see page 183) was taken as read and 


the thanks of the meeting were accorded to the 
donors. 

A paper by Mr. A. R. Cooper, Member, entitled 
* Electrical Equipment of Track on the Underground 
Railways of London ” (see page 389), was read and 
discussed. 

On the motion of the Chairman a vote of thanks to 
the author was carried with acclamation, and the 
meeting terminated at 8 p.m. 


752ND ORDINARY MEETING, 20 JANUARY, 1927. 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 

The minutes of the Ordinary Meeting held on the 6th 
January, 1927, were taken as read and were confirmed 
and signed. 

Messrs. A. J. Hedgcock and E. A. Ullmann were 
appointed scrutineers of the batllot for the election 
and transfer of members and, at the close of the meeting, 
the result of the ballot was declared as follows :— 


ELECTIONS. 


Members. 


Archer, Gilbert. 
Michod, Percy Douglas, 
Lieut.-Col., O.B.E., R.E. 


Roper, Denney W. 


Associate Members. 


Aust. John Horsey. 

Balcombe, Richard Cuth- 
bert. 

Bartlett, Albert Charles, 
B.A. 

Bedford, John George. 
Bruce, The Hon. John 
Bernard, Lieut.-Com- 

mander, R.N. 
Buchanan, John Richard. 
Cox, Charles Rogers. 
Crane, Leslie Harold. 
Curtis, Francis Cockburn, 

B.A. 

Dawtrey, James Ewart. 


Dransfield, Herbert Sheard. 

Gowan, Sydney. 

Guy, William Heath. 

Hearn, Ralph, B.Sc. 

Heath, Robert. 

Henshaw, Lewis. 

Hepplestone, Harry. 

Herbert, Reuben Stanley. 

Heyes, Francis Joseph, 
B.Eng. 

Higgs, Ernest Philip, 
B.Sc.(Eng.). 

Hopper, Edwin. 

Jordan, Francis Victor. 

Keyte, Charles Robert. 
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Associate Members—continued. 


Lewis, Richard Maurice H., 
Capt., R.E. 

Lucas, Ernest. 

Mentasti, Ricardo 
seppe B. 

Miller, Arthur. 

Morrison, George Place. 

Mott, Harold Edgar. 

Norwood, Percy. 

Nyss, Clarence Morville. 

Patrick, William McCut- 
cheon. 

Picken, William James. 

Pipe, Frederick Victor. 

Redgment,George Thomas. 


Gui- 


Rigby, Arnold, B.Sc.(Eng.). 
Smith, Alfred Kendall 
Toulmin, B.A. 
Stanton, John Davies. 
Storey, Charles William S. 
Storey, William John. 
Taylor, George Ernest. 
Tebbitts, James Stephen. 
Thompson, John William. 
Turley, Thomas Gordon. 
Wheatcroft, Edward 
Wilson, William John M. 
Wood, William Thomas. 
Yelf, Ernest Way. 


Graduates. 


Abbott, Reginald Stephen. 
Bayne, Walter Duckworth. 
. Benson, Robert Hamilton. 
Betts, Arthur George. 
Bhargava, Har Saran D. 
Brown, Eric James W. 
Bulman, George Reay. 
Campbell, Athol John. 
Clarke, Philip Ebenezer. 
Clarke, William Henry. 
Cobb, Frederick Arthur. 
Coomber, Robert Edward. 
Daniel, John Vivian. 
Dean, Shaikh Mehr. 
Dobson, Harold. 


Dordi, Faramroj Pes- 
tanji, B.Sc. 
Drane, H. Donald H., 
Fh.D., M.Sc. 


Dunlop, Maximilian. 

Easton, William, B.Sc. 

Elliott, John Stuart. 

Evans, Ewart Gwyn H., 
B.Sc.(Eng.). 

Fabian, Henry Charles. 

Fennell, Corry William. 

Ferens, Thomas Robinson, 
jun. 

Fraser, John Holden, B.Sc. 

Freeman, Eric Bernard, 
B.Eng. 

Gates, Arthur George. 

Greenwood, James. 

Haws, John Haywood. 

Hinchliff, Leonard Filling- 
ham. 

Hocking, Cecil John. 

Hughes, Humphrey Mor- 
gan, B.Sc.(Eng.). 

Hutton, Henry Wollaston. 

James, Hubert Renshaw. 

Jefferson, John Launcelot, 
B.A. 

Jesson, George Edward. 


King, 


Albert Frederick. 
Kubota, Matsukichi. 
Light, Cecil Stanley. 
Lowey, Samuel. 
Lusher, Walter Randall. 
McLeod, Henry Francis. 
Mani, Ramakrishna Subra. 
Marsh, Eric Ralph. 
Martyn, James 
M.A., B.Sc. 
Maxwell, Roland Belmont. 
Miller, William Ewart. 
Milsom, Charles David. 
Morphy, Tudor Edward R. 
Mount, Arthur Edward. 
Mukerji, Gopal Chandra, 
M.Sc. 
Nicholls, William Henry. 
Parker, John Bruce, B.Sc. 
Patel, Dahyabhai Bakor- 
bhai. 
Pavis, Cecil. 
Philip, Mathew, B.A. 
Phillips, Alfred Samuel C. 
Phillips, Herbert Gordon. 
Podd, Jack Kenneth. 
Probert, George. 
Rapson, Ernest Thomas A. 
Rendell, Leonard Morey. 
Robinson, Percy. 
Rudd, Donald, B.Sc. 
Sampaio, Lauro Ferraz. 
Schmidt, Alfred Ernest, 
B.E. 
Seymour, Walter Turnbull. 
Sibou, Brij Krishna. 
Sinclair, Robert John. 
Singh, Lachhman. 
Smith, Percy. 
Southgate, Arthur. 
Stirling, William Mac- 
kenzie. 
Sutherland, Frederick Neil, 
B.A. 


Vivian, 


Graduates—continued. 


Taggart, Henry Rawson. 
Taylor, Eric James. 
Taylor, William Alexander. 
Tyrrell, Douglas William. 
Varley, Gilbert, M.Sc. 


Wells, Cuthbert Ernest. 
Wilde, Charles Clifford. 
Wilkins, Frederick John. 
Wind, Herman John. 
Yuen, Keyih Soochin. 


‘Students. 


Abba, Herbert Arthur. 

Ainsworth, Henry. 

Amos, Wilfrid Jack. 

Anderson, Edward Arthur. 

Anderson, James Richard. 

Andrew, Arnold Roy. 

Andrew, William. 

Argent, Alexander Francis 
W. 

Armour, 
B.Eng. 

Aron, Eric. 

Arratoon, Gerald Eric. 

Ash, Walter William H. 

Ashour, Ahmed Ahmed. 

Ashton, Edgar George. 

Atkinson, Charles Alwyn, 
B.Sc.(Eng.). 

Barber, John Walter. 

Barnett, Henry Edgar. 

Barrett, John William. 

Barton, Godfrey John. 

Battersby, Reginald 
Edward. 

Beale, Howard Anthony 
A. 

Bean, George Robert. 

Beara, Harry Wilmot. 

Beardmore, Patrick Basil. 

Belliss, William Howard 
A. 

Bennett, Frank George. 

Bennett, George. 

Bentley, Edwin. 

Bentley, John Grahame. 

Berry, James Edward. 

Berry, Richard Norman. 

Bharucha, Hormusji Now- 
roji. 

Binney, Harry Augustus 
R 


James Orr, 


Birtwell, John Tempest. 
Black, David Waddell. 
Bligh, Norman Richard. 
Bloomfield, Edward Nel- 
son. 
Bowden, John Horace. 
Bowdler, William. 
Bowers, Laurence. 
Brierley, Philip Reginald. 
Brigg, Stanley. 
Brightman, LeonardFrank. 
Brockhurst, George Ernest. 
Brook, Herbert. 


Brooke, Anthony John. 
Brown, Andrew, jun. 
Brown, James John. 
Burgon, Arthur Weston. 
Burkitt, James Kent. 
Button, Cedric Lloyd. 
Byrne, Patrick, B.Sc., B.E. 
Cafferata, Gerald Water- 
worth. 
Calveley, Charles Edward. 
Chesters, William, jun. 
Chowna, Pestonji Nowroji. 
Christie, Charles William. 
Clapham, Harold Edward. 
Clark, Frederick Edwin S. 
Clark, Henry Arthur M. 
Clarke, George Ernest. 
Collier, John Thomas. 
Collman, Ernest Leslie. 
Cook, Clive Randall. 
Cook, Frederick George. 
Cooke, William. 
Coop, Eric. 
Cooper, Herbert William. 
Cordingley, Norman 
Charles. 
Cox, William Maunder. 
Coxon, Francis George. 
Crofton, Robert Denis. 
Crowther-Smith, Thomas 
Francis. 
Cully, Richard Howard. 
Cunliffe, Edward Neil. 
Curran, Reginald John H. 
Daker, Horace Herbert, 
B.Sc. 
Daniels, William. 
Dannenbaum, Arthur. 
Davies, Edgar Llewellyn. 
Davies, William Alexander 
H. 
Davis, George Edward. 
Davis, Leslie Sydney E. 
Deason, John Noel. 
Dick-Cleland, Alexander 
William A. 
Dickinson, Jack Treeby. 
Dimmick, George William. 
Dingwall, Alfred John. 
Dobson, Jack. 
Dodson, Roy. 
Duff, William Angus, B.A. 
Dunbar-Kilburn, Felix 
Bertram, B.A. 
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Students—continued. 


Dunkley, William Henry 
B.Sc.(Eng.). 

Duus, John Hercules. 

Easton, Gilbert Errington. 

Eastwood, Cecil. 

El Ehwany, Mohammed 
Ibrahim. 

Else, John Rayment. 

Everard, Francis Ernest. 

Faith, John Edwin. 

Farmbrough, Ian James. 

Fawssett, Frederick Arthur 
B. 

Felipes, Luis Genaro. 

Fernley, George. 

Field, Albert William. 

Finkel, Mark. 

Fitch, Isaac John. 

Fitzmaurice, John Corne- 
lius. 

Fletcher, Derek Wills R. 

Fogarty, Bernard Francis. 

Fox, Kenneth Arthur. 

Furneaux,William Edward. 

Gale, Arthur Richard N. 

Garrard, Charles Joseph 
O. 

Gaughan, Martin. 

Giles, Arthur Albert F. 

Gill, Pritam Singh. 

Gilingham, John Henry 
S 


Glennie, John David F. 

Grasset, Louis Alexis B. 

Gratian Stratton, Frank 
Henry. 

Gray, Robert Ralph. 

Greatorex, John Lowe. 

Greenwood, Ernest Blake- 
ley. 

Gresswell, Donald Henry. 

Grewcock, Horace. 

Grey, Henry William. 

Groom, Ernest. 

Haddock, Alfred. 


Haesler, Christian Theo- 
dore. 
Hall, Fred. 


Halton, Geoffrey Herbert. 
Hamilton, Robert. 
Hamilton, William John 
B. 
Hards, Thomas Marshal. 
Harper, Harold James. 
Harper, John Lawson. 
Harris, Arthur Henry. 
Haslegrave, Herbert Leslie, 
Bc. 
Hawke, Christopher. 
Hellon, Norman West. 
Henney, Albert Horace C. 
B.5c.(Eng.). 


Hewett, Cecil Frederick. 
Hewitt, Harry. 
Higgins, Arthur William. 
Hillier, Walter Muspratt. 
Hinley, Herbert Craw- 
ford. 
Hitching, Gordon William. 
Hoar, Harold George. 
Hollingworth, John Ed- 
ward R. 
Horlock, Robert Pasifull. 
Horrell, John William. 
Hoskins, Charles Albert. 
Howard, John Lewellyn. 
Huddleston, Geoffrey 
Frederick. 
Hunter, Thomas Norman. 
Husaini, Mohamed Makh- 
doom, B.A. 
Hutchinson, Harry Doug- 
las, B.Sc. 
Idnani, Thaku Narainsing, 
B.Sc.Tech. 
Jackson, Thomas Eustace. 
Jacobsen, Bent Bulow. 
Jandial, Kartar Singh. 
Jephson, Peter Douglas. 
Johns, Leonard Seymour. 
Johnson, Edward Harri- 
son. 
Johnson, George Ronald. 
Johnson, John Smith. 
Johnston, Alexander Find- 
laytor. 
Johnston, 
ander. 
Jones, Edward Hywel. 
Kay, Edward John R. 
Keays, Gerald Clive. 
Keen-Hargreaves, Edward 
Roy. 
Kefford, William George. 
Kelk, William Hyde H. 
Kershaw, Richard. 
Khalid, Mohammad. 
Kinder, Ralph Noel. 
Kippen, Maxwell Duncan. 
Knights, George. 
Knott, Edward John B. 
Kyffin, John Jeffery N. 
Lacey, George Francis. 
Lala, Mohanlal Hiranand. 
Lamb, Francis Gerald. 
Lambkin, Eric James. 
Lancaster, Oswin Burrow- 
dal. 
Lane, Barnard. 
Lanyon, George William. 
Lawrence, Frederick 
Henery. 
Lawson, Robert. 
Leigh, Charles Albert. 


George Alex- 
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Studenis—continued. 


Lennane, Wyndham 
Quinn. 
Lesli¢, Lewis Ingram. 
Lind, Charles Andrew R. 
Lister, Ralph Liversedge. 
Love, Kenneth George. 
Lowrey, Joseph. 
Lowther, Gilbert. 
McDermott, William. 
Macdiarmid, Donald. 
McFadyen, Donald Barton. 
Macfarlane, Alexander 


john. 
Mack, Ernest William. 
Mackawee, Mahmood 


Mahomed A. K. 
Mackay, John Glen. 
McNaughton, Kenneth. 
McNuff, Frank. 
McWhirter, James. 
Madgavkar, Manohar B. 
Mahajan, Dattatraya 

Trimbakrao. 

Mannassi, Percival. 
Mapplebeck, Richard 

Harold. 

Marshall, Arthur Richard. 
Marshall, Philip Richard. 
Martin, Walter Dennis. 
Marwood, Ernest Keith R. 
Matthews, Theophilus 

Francis. 
Matthewson-Dick, Tom. 
Maureley, Albert. 

Mayne, Geoffrey Hollis. 
Merrett, George Richard. 
Miller, Thomas William, 

M.A. 

Mills, Eric Reginald. 
Minshull Oliver Ward, 

B.Sc. 

Mitchell, John Archibald 

G. 

Mitchell, John Howard. 
Moinet, Francis Alan. 
Moosajee, Taher Hussein. 
Morgan, Conway Frederick 


Morris, Arthur Langley. 
Morris, Herbert Graham. 
Murland, James Robert W. 
Nadkarni, Surendra Gan- 
patrao, B.A., B.Sc. 
Nagarajan, Sitharama. 
Neale, Alan Henry. 
Neogy, Dhirendra Nath. 
Newman, Peter Mayow. 
Newton, John Burgess. 
Nightingale, Eli Leonard. 
Noakes, Ernest Stanton. 
Northrop, Percy. 
O'Dell, Arthur John. 


Olson, Andrew Hugh. 

O'Neil, George Francis J., 
B.Sc. 

Ostler, Edwin Charles. 

Packer, Frederick John. 

Page, Maurice. 

Parker, Charles Robinson. 

Parkinson, Dawson. 

Parry, Rheon Thomas. 

Partridge, Thomas Henry. 


Patel, Nathubhai Khan- 
jibhai. 
Patel, Ranchhodbhai 


Umedbhai, B.Sc. 

Patel, Shivabhai Purushot- 
tamdas, B.E. 

Patell, Rustom Jehangir, 
B.E. l 

Patrick, Arthur Harry. 

Peacock, George William. 


Pearson, Archibald Wil-. 


liam C. 
Pearson, Eric Edwin. 
Pedley, David. 
Pengilly, Percival Walter. 
Percival, William Spencer, 
B.Sc. 
Perkins, William Stanley. 
Pienne, Adolphe Charles G. 
Pointer, Jack. 
Pollock, Henry Latimer. 
Pratt, William Thomas. 
Price, Harry Tomkinson. 
Prosser, Lionel Ernest. 
Purves, Thomas Leslie. 
Quayle, Joshua Creer. 
Ramsay, Henry Thomas. 
Ramsay, John Forrest. 
Raybould, Sidney. 
Raymond, Matthew. 
Read, William Macartney. 
Reading, Joseph Lewis. 
Richards, Alfred. 
Rider, George William. 
Ritchie, Douglas Loudoun. 
Rix, Sydney George. 
Robertson, Norman 
Charles. 
Robins, Guy Herbert. 
Robinson, Denis Morrell. 
Robinson, John Howard. 
Rogers, Frederick. 
Ross, Archibald Denison, 
B.A. 
Rothwell, Harry. 
Rowan, AlexanderWilliam. 
Rufener, Eric Charles M. 
Sandberg, James Cecil. 
Sansbury, Leonard Augùs- 
tus. 
Scantlebury, 
Ford. 


Leonard 
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PROCEEDINGS OF 


Students—continued. 


Scott, Christian Frederick 
C. : 

Scott, Eric Ronald. 

Sell, Richard Geoffrey. 

Sen, Prafulla Kumar. 

Sercombe, Donald John. 

Serrano, Frederick. 

Shackleton, Ernest. 

Sharp, Walter Thomas. 

Sharples, John Thomas. 

Shipton, Percy John. 

Short, Frederick Robert. 

Shorter, Donovan Ernest 
L. 

Silva, Weerappulige Simon. 

Sime, James Whitelaw. 

Sinclair, Kenneth Cameron. 

Sissons, Eric Scott. 

Skinner, Charles. 

Smedley, Thomas. 

Sorley, Alexander. 

Southorn, Lawrence 
Frederick. 

Spencer, Ronald John. 

Stevens, Charles Cyril. 

Stevens, Geoffrey William. 

Steventon, Reginald Gil- 
bert. 

Story, John Greek. 

Stratton, Francis John. 

Stringer, Harold. 

Stroud, Arthur. 

Swan, Earle Percy. 

Swarup, Rajeshwar. 

Tee, James Victor. 

Thomsett, Hector Stuart. 

Thornhill, Philip Tugwell. 

Thorpe, Alec Kendal. 

Tomalin, Frederick George. 


Tonkinson, William Eric 
L. 

Ullmann, Stanley Ernest. 

Upward, Arthur Frederick. 


Vinten-Fenton, Charles 
Victor. 

Wadhawan, Narindara 
Nath. 


Wagon, Wilfrid Thomas. 
Walker, Alfred John. 
Walker, Eric Hallam. 
Wallace, Norman M. 
Wallbridge, Lionel 
Frederick. 
Walsh, Raymond, B.Sc. 
Walters, Frederick. 
Watson, Percy Sylvester. 
Watson, William Edward. 
Waudby, John Walter. 
Webb, Anthony. 
Westmorland, Roy Wil- 
liam. 
Wheeler, George James. 
Whiston, Jack. 
White, John Harvie. 
Whiteley, Austyn Leslie. 
Whitworth, Gerald. 
Wilkins, Edward Ernest. 
Wilkinson, Robert Ernest. 
Williams, John Lewis. 
Williams, John William M. 
Williams, Robert Charles 
G. 
Wilson, Jack. 
Wood, Basil. 
Woodford, John Francis. 
Wort, Frederick William. 
Wrathall, Eric Thomas. 


Associate. 


Wyllie, Colin Campbell. 


TRANSFERS. 


Associate Member to Member. 


Barratt, Arthur. 
Bland, Charles Roxberry. 
Boyce, Joseph. 
Collett, Thomas Arthur. 
Edridge, Walter Henry. 
Grime, Roger Ernest, M.Sc. 
Gundry, Arthur Robert. 
Hallam, James Percy. 
Harrington, James. 
Hobson, Harold. 
Jakeman, Robert Gordon, 
D.Sc. 


Long, Sidney Herbert, 
Major, O.B.E., D.Sc. 

McCormack, Wiliam. 

Midgley, Harold, 
B.Sc.(Eng.). 

Morgan, Ernest. 

Turle, Edgar Harold. 

Vincent, John Douglas A. 

Woodward,Edward Hamil- 
ton E, M.C, B.Sc. 
(Eng.). 

Young, Henry Percy. 
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Graduate to Associate Member. 


Ablett, Clifford Beresford. 
Bannister, Harold. 
Bedford, John Thornton. 
Bentley, Francis Ecroyde. 
Best, Joseph Albert A. 
Bose, Saral Kumar, B.Sc. 
Cantelo, Herbert Reginald, 
B.Sc. 
Cardew, Reginald William, 
Capt., R.E. 
Charles, David Sibbering. 
Charles, Edward Kay. 


Corbin, Cecil. 
Crawford, Cecil George, 
M.Eng. 


Dixon, Charles Douglas H. 

Dransfield, Frank, B.Sc. 
(Eng.). 

Ghose, Nirendra Nath. 

Hall, John, B.Sc.(Eng.). 

Harley, Laurence Shep- 
heard, B.Sc.(Eng.). 


Hine, Frank Walter. 
Hodgson, Charles Henry. 
Jackson, Arthur Glad- 
stone. 
Jackson, Frederick Samuel. 
Jones, Harold Lancaster. 
Jones, Victor Arnold. 
Kingston, Alfred Thomas. 
Law, Joseph. 
Lipman, Chmoul Leib. 
Meldrum, Francis Arnold. 
Miller, James. 
Munro, Hugh. 
Myers, William Henry. 
Nunn, Charles. 
Parnall, Eric John, B.Sc. 
Patterson, John Harold. 
Pearson, Stanley Garnett. 
Pimble, Cyril Charles. 
Tyrrell, Charles Frederick. 
Vick, Ernest Henry. 


Student to Associate Member. 


Abbott, Albert James. 
Aitken, Ian Miller E., B.Sc. 


Allen, Norman Arthur, 
M.Sc.(Eng.). 

Ashley, Percy Gilman, 
B.Sc.(Eng.). 

Baker, Leslie Frederick M., 
B.Sc.(Eng.). 


Banks, Percival. 

Banner, Edgar Harold W., 
M.Sc. 

Beer, William Ewart, 


B.Sc.(Eng.). 

Best, Frank Powell, M.Sc., 
B.Eng. 

Bishop, Harold, B.Sc. 
(Eng.). 

Broadbent, Harold Ralph, 
B.Eng. 


Brown, Charles Alexander 
C., B.Sc. 

Cockroft, John Douglas, 
B.A., M.Sc.Tech. 

Cooper, Wilfred Varley. 

Cooper, William Fordham 
C., B.Sc.(Eng.). 

Cork, Edward Cecil, B.Sc. 

Cramer, Derek Henry J. 

Crowson, George Albert. 

Emerson, RichardAndrews. 

Fowler, Charles Frederick, 
B.Sc.(Eng.). 

Gough, William Eric. 

Green, Wilfred Buller, B.Sc. 

Greer, Stewart Peddie, 
B.Sc.(Eng.). 

Gundry, John Arnold. 


Harbottle, Horace 
Reginald, B.Sc.(Eng.). 

Hendry, William Masson. 

Hinton, Leslie Turner, 
B.Sc.(Eng.). 

Hirst, Allan William, 
B.Sc.(Eng.). 

Johnson, Leslie John N. 

Kearley, Norman Edwin. 

Macfarlane, James Ernest, 
B.Sc.(Eng.). 

McLaren, James Thoburn. 

Manning, James Walter G. 

Mathews, Denys Cyril H. 

Morley, Edward Wilham 
L 


Nash, Esca Hunt, B.Sc. 


(Eng.). 

Nixon, Leslie Reginald, 
B.Sc.(Eng.). 

Paton, Stuart Henry, 
Lieut., R.N. 

Perris, Frank Robert J., 
B.Sc.(Eng.). 

Priest, Charles Wilson A., 
B.Sc.(Eng.). 

Ray, Frederick Ivor, 
B.Sc.(Eng.). 


Ryder, Clifford. 

Smith, Frederick Daniel, 
M.Sc. 

Speakman, John Edward 
D., B.Sc.(Eng.). 

Speirs, Hector McArthur, 
B.Sc. 

Steel, Arthur Frederick, 
B.Sc.(Eng.). 


464 


PROCEEDINGS OF THE INSTITUTION. 
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Strachan, Andrew Ander- 
son, B.Sc. 

Swift, William Harold. 

Vereker, Henry Connell, 
B.Sc.(Eng.). 

Walsh, Albert. 


Walton, John. 

West, William, B.A. 

Williams, George Edward, 
B.Sc.(Eng.). 

Williams, Thomas. 


Student to Graduate. 


Adams, George Herbert. 

Arnott, John Thomson. 

Azim-uddin, Mohamed, 
B.Sc. 

Bartlett, Herbert Edward. 

Bartlett, Oswald Wil- 
loughby, B.Sc.(Eng.). 

Basil, David A. 

Bearman, Cyril Wallace G. 

Bell, Ian. 

Bland, John George. 

Booth, William Leslie. 

Braid, David Halyburton, 
B.Sc. 

Bunyan, John, B.Sc. 

Casse, Clifford William. 

Causbey, Reginald John. 

Charlton, Howard Cun- 
ningham. 

Clark, Leonard Jack, B.Sc. 

Clarricoats, John. 

Collyer, James Kimberley. 

Colmar, Geoffrey Charles, 
B.Sc. 

Croft, Clifford Page. 

Crotty, Arthur James, 
B.Sc.(Eng.). 

Cuerden, Thomas Gordon. 

Cuthbert, Geoffrey Town- 
ley, B.E. 

Da Costa, Frederick An- 
tony V. 

Davies, Edwin Charles. 

D’Cruz, Cyril. 

Dennis, Reginald Burton, 
B.Sc.(Eng.). 

Dennison, James Derry. 

Dick, Alastair William, 
B.Sc.(Eng.). 


Edwards, Frank Stanley, 
B.Sc. 

Evans, Evan William. 

Evans, William Arthur. 

Fletcher, Frederic Harold, 
B.Eng. 

Foster, Alan Dunlop, M.Sc. 

Francis, Morgan Rees. 

Freeman,George Frederick, 
M.Sc.(Eng.). 

Frugtniet, Adalbert Vance. 

Gorham, Maurice Laver. 

Ghosh-Dastidar, Nagendra 
Nath, B.Sc.Tech. 


- Greaves, Reginald Douglas, 


B.Sc.Tech. 

Griffin, Samuel Royston. 

Grover, Ralph Vickers. 

Haggart, Andrew. 

Halliday, Victor Norman, 
B.Sc. 

Hansford, Robert George 
C. 

Haskell, David  Nissim, 
B.Sc. 

Hoban, Hugh Charles. 

Hooker, Albert. 

Horsfall, Leslie Archibald. 

Isterling, Jasper. 

Jaffrey, John Alan, M.Sc. 
Tech. 


. Kay, Dudley. 


Lambert, AlexanderBarker. 

Leakey, Reginald Edward. 

Leftley, Joseph Richard. 

Luckman, Joseph Mon- 
tague G. 

McCormick, Joseph Deer- 
ing, B.Sc. 


Student to Graduate—continued. 


McJannet, David William. 
McKie, Harold Robert. 
Mangnall, Wilfrid Earlam. 
Marshall, Harold Frank. 
Mason, James Alfred. 


Matthews, William 
Knowles. 

Middlemiss, Reginald 
George. 


Mohring, Albert John G. 
Nadarasa, Ayampillai. 


Naidu, S. R. Madhav 
Krishna. 

O’connor, Charles Patrick, 
B.Sc.(Eng.). 

Owen, Eric Maxwell, B.Sc. 
(Eng.). 


Palfrey, Harry James D. 

Palmer, Archie Emerson. 

Parr-Dudley, Eric Arthur. 

Pearson, Frederick John, 
B.Sc., B.E. 

Peck, George Thomas, 
B.Sc.(Eng.). 

Pheasant, John William A. 

Phillips, William Austin G. 

Price, Albert Eric, B.Sc. 

Oadri, Noorul Hoda, B.A. 

Radcliffe, Charles Joseph 
B.N. 

Ramasawmi, Alappakkam 
Varadachari. 

Rayner, William Eric. 

Rennie, Ronald James, 
B.Sc. 


Rose, William Charles. 
Rudge, Frederick William. 


Samuel, Harry Phineas, 
B.Sc. 

Sankey, George Ronald, 
B.A 


Smiter, Herbert William J. 

Spence, Samuel, B.Sc. 

Stapleton, Stanley John. 

Starkey, Albert Ernest, 
B.Sc. 

Steel, Robert William. 

Sykes, Percy. 

Teal, John Robert. 


Thomas, Wilfred Archi- 
bald, B.Eng. 

Thomsett, Bernard, B.Sc. 
(Eng.). 


Tomkinson, Alfred Hugh 
E. 

Torry, Reginald Gordon, 
B.Sc. 

Turner, Albert Edward. 

Waddecar, Alfred. 

Walsh, Joseph Anthony. 


Watson, Robert Parker, 
B.A. 

Watson, Thomas Hugh, 
B.Sc. 


Wauchope,George Andrew. 

Weller, Bertram Frederick. 

White, Richard Frederick, 
B.Sc. 

Wylie, Thomas Oldham K. 

Young, John James. 


The President announced that the Council had decided 
to make the sixth award of the Faraday Medal to Prof. 
Elihu Thomson, Honorary Member. 

A paper by Mr. P. Dunsheath, O.B.E., M.A,, B.Sc., 


Member, entitled 


‘“ 33 000-Volt Cables with Metal- 


Sheathed Cores, with Special Reference to the S.L. 


2? 


Type, 


was read and discussed. 


On the motion of the President a vote of thanks to 
the author was carried with acclamation, and the 
meeting terminated at 7.54 p.m. 
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INSTITUTION NOTES. 


Annual Conversazione, 1927. 


The Annual Conversazione will be held at the Natural 
History Museum, South Kensington, on Thursday, 
7th July, 1927. 


National Certificates and Diplomas in Electrical 
Engineering. 
The following institutions have been approved under 
the scheme drawn up by the Board of Education and 
the Institution :— 


Approved for Ordinary Grade Certificates (Senior Part- 
time Course). 


Nottingham University College. 


Approved for Higher Grade Certificates (Advanced Part- 
time Course). 
Plymouth and Devonport Technical College. 
Smethwick Technical College. 


Approved for Higher Grade Diplomas (Advanced Full- 
"nme Course). 


Plymouth and Devonport Technical College. 


Science Library, South Kensington. 


The Secretary has been asked to call the attention of 
members to the Science Library of the Science Museum, 
at South Kensington. The Library is open free to the 
public, practically without restriction, daily from 10 a.m. 
to 6 p.m., and until 8 p.m. on Thursday and Saturdays. 
Admission is by ticket, to be obtained on application 
to ' The Director, The Science Museum, South Kensing- 
ton, S.W.7." A single admission may be granted by 
the Keeper of the Library. 

The Library contains specialist collections of books 
from the earliest times on the various branches of science 
and technology, including, in addition to works printed 
iu Great Britain, the more important scientific books 
published throughout the world. The collection of 
periodical literature, which is exceptionally large and 
complete, includes the '' Transactions " of societies, 
and the bulletins, monographs, reports and other 
publications of Government Departments, experimental 
stations, observatories, research laboratories, universities 
and scientific institutions of all kinds, as well as inde- 
pendent journals. Most of the older periodicals are 
represented by complete files, and the collections of 
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Books and journals borrowed under this arrangement 
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In order that the Council of the Institution may 
consider the matter further, members who would wish 
to make use of the lending scheme of the Science Library 
are requested to communicate with the Secretary of 
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33000-VOLT CABLES WITH METAL-SHEATHED CORES, WITH SPECIAL 
REFERENCE TO THE S.L.* TYPE. 


By Percy DuNsHEATH, O.B.E., M.A., B.Sc., Member. 


(Paper first rece:ved 16th August, and in final form 15th December, 1926; read before THE INSTITUTION 20th January, before 
the NORTH-EASTERN CENTRE 24th January, and before the SOUTH MIDLAND CENTRE 16th February, 1927.) 


SUMMARY. 


The troubles that are being experienced in the use of 
plain 3-core cables for working at 33 000 volts are referred 
to and the theories advanced in explanation discussed. 
The various types of multi-core cable with metal sheaths 
over the individual cores are then enumerated and their 
advantages over the plain 3-core type detailed. The claims 
of the S.L. type in which each core is separately lead-covered, 
over the other metal-sheathed-core types in which a common 
lead sheath covers all three cores, are explained. The paper 
gives practical formulz for calculating sheath effects in single- 
core cables, together with the results of a series of tests 
carried out to determine the extent of these effects in the 
S.L. type. Consideration is given to the temperature-rise 
in the various types, along with the results of a series 
of heating tests. As the employment of the S.L. type of 
cable is a move in the direction of employing single-core 
. instead of 3-core cable, this question is also discussed and 
results of loading tests on both plain lead and armoured 
single-core cables are given. The mechanical properties of 
the S.L. type are also investigated and in the conclusions at 
the end of the paper it is shown that the presence of the 
sheaths, in addition to having well-known electrical 
advantages, produces a very distinct improvement in the 
thermal properties of the cable and results in a construction 
which is very much sounder, both mechanically and. electri- 
cally, than other systems of multi-core super-tension cable. 


WEAKNESS OF PLAIN 3-CORE DESIGN. 


During the past few years it has become increasingly 
evident that the use of 3-core cables for voltages higher 
than about 22000 has introduced new and uncertain 
factors into the field of underground electric transmission. 
As is now common knowledge, 33 000-volt cables have 
caused a good deal of anxiety to cable manufacturers 
and cable users, and the failures which have occurred 
have involved both sides in financial loss, besides intro- 
ducing too frequent interference with the continuity 
of supply on large systems. 

The outstanding feature of these breakdowns is the 
long period which elapses after the cables have been 
brought into use before failure occurs. Itisno uncommon 
experience for the individual drum lengths to be 
subjected to stringent factory tests of, say, 75 000 
volts three-phase for 15 minutes, for the complete 
jointed section to be pressure-tested with, say, 90 000 
volts (d.c.) by valve or mechanical rectifier for 5 minutes, 
and then, after all this, for the cable to fail in service 
at 33 000 volts after a year or two’s satisfactory working. 
An interesting fact also noted by several observers is 


* Separately lead-covered. 
I.E.E. JouRnNAL, Vor. 65, No. 365, May 


that the majority of the failures occur during times of 
light load on the cables. ; 

Various explanations have been advanced to account 
for this new type of failure, but the most probable one 
to-day seems to be closely associated, though not 
identical, with that which was first advanced by Hóch- 
stádter * and supported by more recent investigators.t 
Hóchstádter attributed the failure to tangential electrical 
stresses in the outer layers of the core dielectric. As is 
well known, impregnated paper has a higher electric 
strength in a direction perpendicular to the surface than 
along the surface, and this would seem to justify the 
tangential-stress theory. In the light of modern experi- 
ence, however, this theory is not quite sufficient to 
explain what occurs. It is a common experience, for 
instance, in examining a piece of cable which has failed 
under the conditions stated, to find a large proportion 
of the length still in perfect condition with no sign of 
deterioration, although the tangential stresses, on the 
theory named, must be the same throughout. 

If we supplement the tangential-stress theory by 
considerations of the ionization of air or other gas in 
a space within the dielectric under stress, then we 
approach more nearly to an explanation which will 
cover the recorded phenomena. In other words, if the 
dielectric is subjected to tangential stresses at a point 
where the space which should be filled by oil contains 
air instead, then an electrical discharge may occur 
over the surface of the paper which will result in the 
slow destruction of the paper fibres and ultimate total 
failure of the cable. 

The presence of spaces devoid of insulating com- 
pound between the cores of a 3-core cable may be 
accounted for by one or more of the following reasons :— 


(1) Faulty mechanical construction. 

(2) Imperfect impregnation. 

(3) Distortion and separation of the cores by mechani- 
cal stresses during laying. 

(4) Separation of the cores by thermal expansion 
during heating under load. 


SUGGESTED IMPROVEMENTS ON PLAIN 3-CORE CABLE. 


Several suggestions have been made for the design 
of a 3-core cable in which this destructive action could 
be prevented. In 1914 Höchstädter took out a patent 
entitled ‘‘ Improvements in Electrical Conductors ” 1 

* “Three-Core Cables," Electrician, 1916, vol. 77, p. 209. 

f L. Emanvuetr: “ Distribution of Potential Gradient in 3-core Cables,” 
L'Elettrotecnica, 1921, vol. 8, p. 573; and K. KonsTaANTINowsky: '' Analysis 


of High-Tension Cables," Electrical Worid, 1925, vol. 86, p. 1102. 
t British Patent 7766/1914. 


1927. 31 
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for covering the individual cores with a tightly adhering 
conducting film so as to level up the distribution of 
potential in the direction of the layers. Ata later date 
this same inventor protegted * the manufacture of a 
perforated metallized pape? for use as the conducting 
film, and many cables have been made in which the 
impregnation has been carried out after the application 
of this type of coating. | 

Generally speaking, this construction is the one 
usually referred to in Europe as the Hóchstádter cable, 
although in the United States, owing apparently to a 
different interpretation of the patent situation, Hóch- 
stádter cables have been made with a covering over the 
individual cores consisting simply of a thin copper tape 
applied with a narrow gap between turns. 

In 1917, P. H. Chase obtained protection f for a 
cable in which the cores were lapped with a thin metallic 
tape slit at frequent intervals in such a direction as to 
restrict eddy currents, and yet permit of the flow of heat 
from the centre of the cable outwards. These slits also 
obviously permit of impregnation after lapping and 
laying up. Cables have recently been manufactured 
to this design in the United States. 

About two years ago another designi appeared 
to achieve the fundamental object of the core sheath. 
In this case, instead of the surface of the cores being 
metallized, a metal coating was applied to the surface 
of the wormings and centre packing before assembly. 
Still another method adopted to prevent tangential 
stresses is the filling of the worming spaces with conduct- 
ing material in the form of powder.$ 


ADVANTAGES OF METAL-SHEATHED-CORE CABLES. 


In comparing the relative merits of plain 3-core cables 
and those with metal-sheathed cores, for use on a working 
pressure of 33000 volts, it must be admitted to-day 
that, as regards reliability in operation, the metal- 
sheathed type has many advantages and practically 
no disadvantages. The advantages may be summarized 
as follows :— 


(1) The long-time failures experienced on plain 3-core 
cables have been found to originate in core-to- 
core faults and not between core and earth. 
The metal-sheathed-core cable has a larger 
core-to-core thickness for a given diameter 
of cable than the plain 3-core type. 

(2) The presence of the metal sheath prevents direct 
core-to-core faults, and in case of failure from 
any cause the breakdown takes place to earth, 
which is an advantage from the operation 
pointof view. The fault current can be limited 
by earth resistance in the neutral. 

(3) The electric stress is uniformly radial in all parts 
of the dielectric and consequently normal 
to the surface of the paper. 

(4) The whole of the dielectric subjected to stress is 
homogeneous. There are no wormings or 
packings in the electric field. 

* “Improvements in Metallized Paper," British Patent 186363. 
t ‘‘ Improvements in Electric Cables," British Patent 111110. 
f Compagnie Générale des Cables de Lyon: *''Improvements in Electric 


Cables,” British Patent 226771. : 
$ Pirelli, Ltd.: *' Improvements in Electric Cables," British Patent 108464. 


(5) Separation of the cores by mechanical distortion 
of the cable, or by thermal expansion, cannot 
introduce voids into the dielectric under stress. 
Should the cores become separated from one 
another by a small fraction of an inch from any 
cause whatever, the conducting sheath moves 
with the core, and the space that is formed is 
outside the field and out of contact with the 
dielectric. 

(6) The metalsheaths facilitate the carrying of the heat 
away from the centre of the cable, which is the 
hottest and, therefore, the most dangerous part. 


The only practical disadvantage that can be advanced 
against the metal-sheathed-core cable is that it has a 
slightly higher inductive capacity than the plain 3-core 
type. On modern systems, however, this is not a serious 
point, as the charging current on no-load helps to 
neutralize the magnetizing current of large connected 
transformers, and on load the leading current is soon 
lost in connected plant with lagging power factor. 


Two CLASSES OF SHEATHED-CORE CABLES—S.L. AND 
Non-S.L. 


The various types of metal-sheathed-core cables 
described can be divided into the two classes :— 


(a) Cables with a common lead sheath over the 
assembled cores which are laid up before the 
impregnation process is carried out. 

(b) Cables in which the individual cores are dried, im- 
pregnated and lead-covered before being laid up. 
This type has no enclosing lead sheath over the 
assembled cores. 


Tight co r FE Reinforcin 
whipping der | strands E 
lead sheath X 


Fic. 1.—S.L. steel ctape-armoured cable with reinforcing 
strands. 


The claims of the second type of cable, referred to 
for convenience as the S.L. type, for use on 33 000-volt 
systems were first advanced by the author in a discussion 
before the Institution three years ago,* and since that 
date he has carried out extensive experiments to resolve 
certain questions of supreme importance in deciding on 
the suitability of this type for general use. Some of the 
results of this research are given later in the paper. 

Figs. 1 and 2 illustrate two designs of S.L. cable. 
In the former, three separately lead-covered cores are 
laid up together with packings to a circular formation 
for taking the two coats of steel-tape armour with 
beddings and servings. In order to give the cable 
longitudinal strength while retaining the maximum 
flexibility, three steel reinforcing strands are laid up 
in the spaces between the cores as shown.f In the 


* Journal T.E.E., 1928, vol. 61, p. 243. 
t W. T. Henley's Telegraph Works Co., Ltd. : '' Improvements in Multi- 
core Electric Cables ” British Patent 221371. 
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second design, shown in Fig. 2, advantage has been 
taken of the opportunity which this construction affords 
of housing pilot cores under the one common armouring 
with the main cores and inside the reinforcing strands. 
Another feature of importance which is also illustrated 
in the first figure is the employment of a tight whipping 
of copper tape over the core papers immediately under 
the lead. This provides mechanical support to the 
papers, strengthening the cores and keeping them 
circular without depending on any restraining effect 
of the lead tube. 


Separate 
lead-covered 
and 
served 
cores 


Reinforced 
pilots 


Fic. 2.—S.L. steel-tape-armoured cable with armoured 
pilots. 


Briefly the relative merits of S.L. and non-S.L. metal- 
sheathed-core cables can be studied as follows, by stating 
the advantages and disadvantages of the first over those 
of the second : 


(1 In the S.L. type large-diameter lead tubes are 
avoided. In view of the plastic nature of lead 
and the necessity for bending, this results in 
a better mechanical construction. For a given 


overall diameter of cable, a given amount of 
bending results in less distortion of the lead 
sheaths in the S.L. type than in the other forms 
of metal-sheathed-core cables. 
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(4) The adoption of the S.L. type makes possible the 
use of longitudinal steel reinforcing strands 
or pilot cables in the scores between the cores 
and outside the dielectric. 

(5) The S.L. type of cable permits of freer impregna- 
tion. Each core is impregnated separately, 
instead of all three cores with their wormings 
being treated together as in the non-S.L. type. 


MECHANICAL TESTS ON S.L. AND 
3-CORE CABLES. 


TEÉsT-GnROUP No. 1. 


To illustrate the mechanical advantages of the S.L. 
cable a length with the section shown in Fig. 1, having 
reinforcing strands, passed unharmed through a bending 
test that would have ruined a non-S.L. cable of the same 
overall diameter. The standard B.E.S.A. test is 6 turns 
round a barrel 12 times the diameter of the cable, but 
the length of S.L. cable referred to was bent the standard 
number of times backwards and forwards on a barrel 
only 9 times its own diameter and, as might be éxpected 
from a consideration of the construction, the resultant 
distortion was negligible. A length of plain 3-core 
33-kV cable subjected to the same test suffered con- 
siderably, as shown by Figs. 3 and 4, which illustrate 
the appearance of the lead and belt papers of the plain 
3-core cable on the conclusion of the test. The S.L. 
type with reinforcing strands was then subjected to 
tensile tests to determine the mechanical properties of 
the steel strands. A 7-yard length was inserted in a 
hydraulic testing machine, the three cores being gripped 
at one end and the three strands at the other. The 
load was steadily increased, and it was found that on 
this short length a pull of 13 tons was required to with- 
draw the strands. In another test the reinforcing 
strands were gripped in the testing machine at both 


Fic. 3.—Condition of lead of 3-core cable after bending test (9 diameters). 


Fic. 4.—Condition of outer paper of 3-core cable after bending test (9 diameters). 


(2) Owing to the greater mass of metal surrounding 
the individual cores, the cooling effect and 
consequently the current-carrying capacity is 
greater for the S.L. type than for the others. 

(3) For use in hilly country where there may be a 
considerable head of oil in the cable, the S.L. 
type with its small-diameter lead sheaths and 
absence of worming spaces filled with oil has 
obvious advantages. The whole of the oil 
inside the lead sheath of the S.L. type of cable, 
being in contact with the laminated dielectric, 
is less liable to flow than when it is not so sup- 
ported as in the non-S.L. type. 


ends, the cores being left free and a pull of 4 tons 
applied for 15 minutes. At the end of the test the 
cable was dissected and examined. The cores had not 
suffered in any way. The cores of the S.L. type showed 
no sign of corrugation or distortion and, in view of the 
accepted dependence of the electrical life of a high-voltage 
cable on the perfection of its mechanical structure after 
handling, these results form a convincing argument in 
favour of the S.L. type. 


SHEATH LossEs, ETC. 


A disadvantage claimed against the S.L. type of 
cable is the presence of undesirable currents in the 


* 
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lead sheaths, owing to their 'enclosing the separate 
conductors and being cut by the rotating magnetic 
flux. The sheaths may be insulated from one another, 
in which case it is sometimes stated that dangerous 
voltages may exist between them, resulting in 
sparking across and pitting of the lead. If they are 
bonded together, the circulating currents cause loss of 
energy and by their heating effect reduce the current- 
Carrying capacity of the cable. It will be shown below 
that the voltages generated are very small, that they can 
be suppressed by bonding the three sheaths together 
at the ends, that when the sheaths are bonded in this 
way the sheath losses are negligible, and that the presence 
of the separate sheaths, instead of increasing the tempera- 
ture-rise and cutting down the current-carrying capacity 
of the cable, has the opposite effect to a very marked 
extent. 

It is not necessary here to go into the detailed mathe- 
matical analysis of induced sheath currents. This has 
been very ably done by previous authors.* There are 
two kinds of currents induced in the sheaths of single- 
core cables in close proximity to one another :— 


Sheath eddies which have quite local and short 
circuits. - 

Sheath circuit eddies which flow along the entire 
length of one cable and back along the other. 


The first type of current flows irrespective of whether 
the sheaths are insulated or bonded, the second flowing 
only when the sheaths are bonded together. The 
principal factors to be considered then are as follows :— 


(1) Sheath eddy-current: loss (which occurs whether 
sheaths are bonded or not). 

(2) Induced voltage between sheaths when not bonded. 

(3) Resultant current in the sheaths when bonded. 

(4) Sheath circuit loss due to this current. 

(5) Total sheath loss, which is the sum of (1) and (4). 


The first quantity (1) is given by the addition of two 
separate factors :— 
Circumferential eddies, and 
Radial eddies. 
Practical formulz based on a frequency of 50 cycles per 
sec. and deduced from Prof. Cramp’s analysis are as 
follows :— 


Circumferential Eddy Loss per 100 Yards of Single Cable 


2.99. Ps8/2— KA ou 
= Tor * | (ie a) d 
where J = cable current, 
S = sheath thickness in inches, 
r = mean radius of the sheath in inches, 
; mean radius 
K = ratio 


distance between cable centres 


Radial Eddy Loss per 109 Yards of Single Cable 
r[2 


m: MUST? iog 


* W. Cramp and N. I. Carperwoon: '' The Use of Single-Core ee 
Cables for Alternating Currents,” Journal I.E.E , 1923, vol. 61, p. W. 
Cramp: ''The Use of Single-Core Lead- Covered and Armoured NIA for 
Alternating Currents,” 15:4., 1925, vol. 63, p. 379; W. CRAMP: ‘ Single-Core 
Artnoured Cables for Alternating Currents,’ World Power, 1026, vol. 5, p. 63; 
and G. M, Harvey and A. H. W. Bussy: '' The Use of Single-Core Armoured 
Cables for Alternating Currents," Journal I.E.E., 1925, vol. 63, p. 368. 


1-- K24.2K cos 0 
514 Ki—2K COS 5 ps wans 


The second quantity, induced voltage on open-circuit, 
is given by :— 


Sheath Voltage per 100 yards of Cable Loop 


2-64 x Ilo ] — 
= 100 EE: 
(between sheaths at one end with other end bonded). 
The circulating sheath current resulting from this voltage 
is the cause of a sheath loss, the magnitude of which is 
given by 


Sheath Circuit Loss per 100 Yards of Cable Loop 
1 Eee 


l K2 
es ~~ rSI*(logio ) watts 


100 
The last item mentioned, the total sheath loss when 
bonded, is obtained by adding together the three separate 
losses given above. 

The formule for losses apply to each of two single-core 
cables carrying single-phase alternating current. As 
Prof. Cramp has pointed out,* when three cables are 
arranged with their centres at the points of an equilateral 
triangle the eddy losses do not essentially differ from those 
of the single-phase core, so that the formule for circum- 
ferential and radial eddy loss also apply to the S.L. cable 
except in so far as the proximity of armouring might 
increase the magnitude. The sheath circuit loss, however, 
is not the same for the single-phase and three-phase 
cases and consequently the total sheath losses in the S.L. 
arrangement cannot be obtained by calculation. For 
these conditions we are at present dependent on experi- 
mental determination. On the other hand, in the single- 
core cables examined later a theoretical check on the 
experimental results is possible by the use of these 
formula. 

The experiments which have been carried out to 
throw light on the operation of S.L. cables from the point 
of view of the effect of the sheaths on the individual 
cores will now be described in detail. The general 
arrangements for the tests call for no special comment. 
Losses were measured on an Irwin reflecting wattmeter, 
and a circuit on the lines of that already used by Harvey 
and Busby f was adopted. 


TrEsr-GRouP No, 2. Losses, Erc., IN THREE SINGLE- 
CORE CABLES IN TRIANGULAR FORMATION. 


In the first investigation three 10-yard lengths of 
0*1 sq. in. single-core lead-covered cable with a dielectric 
thickness of 0-7 in. and a lead thickness of 0-1 in. were 
laid parallel to one another on a wooden floor supported 
by wooden blocks in triangular formation at various 
distances apart up to 6 in. The induced voltages 
observed between two lead sheaths at the near end 
with the far ends bonded for various distances apart are 
plotted in Fig. 6. It will be seen from the actual measured 
voltage in the sheaths that if three such cables were laid 
up closely to form a 3-core cable of the S.L. type and the 
sheaths left unbonded, except at one end, the voltage 
generated in the individual sheaths would have a value 
not more than 0-5 volt per 100 yards for every 100 


* Journal I.E.E., 1023, vol. 61, p. 182. 
t Ibid., 1925, vol. 03, p. 373. 
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amperes flowing in the main conductor. In Fig. 6, the 
total sheath losses obtained by deducting copper losses 
from total losses measured by wattmeter are plotted 
against cable spacing for the limiting currents employed 
in the series of tests. It will be seen here that when 
three such cables are laid close together as they would 
be if twisted up to form a 3-core S.L. cable, the total 
measured loss is a very small quantity. For 100 amperes 
in the main conductor the total sheath loss would be 


Voltage induced in sheath, 
per 100 yards 


2 3 
Spacing apart, inches 
Fic, 5.—Induced voltage in sheaths of three single-core cables. 


about 20 watts per 100 yards. Expressed as a percentage 
of the copper loss, this amounts to about 3 per cent. 


TEesr-GRouP No. 3. COMPARATIVE HEATING OF PLAIN 
3-CORE AND S.L. CABLES. 


In the next series of tests two 100-yard lengths of 
150 mm? 3-core steel-tape-armoured cable, one of the 
plain 3-core type and the other of the S.L. type, were 


Loss in watts, per 100 yards 


| 


Spacing apart, inches 
Fic. 6.—Total sheath losses in each of three single-core cables. 


buried in the ground at a depth of 2 ft. and subjected 
to load. The thicknesses of dielectric and overall 
diameters of the two cables are shown in Table 1. 
Steady loads were applied to the two cables in turn, 
each run being continued for several days to ensure 
ultimate conditions. The external temperature of the 
cables was determined by means of resistance coils 
lapped around the cable at intervals, and the conductor 
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temperature was measured by the resistance method. 
For the latter test it was necessary to cut off the heating 
current, but, by plotting the falling resistance with 
time as the conductor cooled, the resistance and tem- 
perature at the time of opening the main circuit were 
obtainable. Ground temperatures were recorded, but 
as the cables had the same overall diameter and nature 
of external surface these are of no interest in the com- 
parison of the cables themselves. The point at issue is 
illustrated in the comparative figures given in Table 2 
for the temperature conditions inside the cables. 


TABLE 1. 
Cable Core to core pe wi Eos 
in. in. in. 
S.L. type 0:47 + 0:47 0-47 4:5 
Plain 3-core .. 0:73 0-6 4-5 
TABLE 2. 
Temperature 
Cable Current 
Conductor | Outside Rise 
amps. "C. "C deg. C 
S.L. type 256 58-1 44-7 13-4 
Plain 3-core .. 256 61-8 44-7 17-1 


From these figures it is evident that in spite of eddy- 
current losses in the sheaths the temperature-rise in 
the S.L. cable is less than in the plain 3-core cable. As 
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Ü 

o. 

9 30i—-—-— Load current d 

E 7 
P 

5 

g 7» a9 
Ll 

E L a, 

te pm 

5 a 

T 5 z 

Z > 

= Q 

E 10 240 

Q 190 


ane 


Noon Mid®® Noon Mid^ Noon Mid™ 
Time 
Fic. 7.—Load tests on S.L. and plain 3-core cables. 
Ground temperature = 8? C. 


the heating is proportional to the square of the current, 
it is evident that under conditions in which the ex- 
ternal thermal path has negligible resistance, as, for 
instance, with the cables lying in flowing water, the 
S.L. cable would have a current-carrying capacity of 
2564/(17-1/13-4) = 289 amperes, as against 256 am- 
peres in the plain 3-core cable, an increase of over 12 
per cent. 
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In order to simulate practical conditions, the two cables 
were then subjected to a variable load with a daily period 
similar to that which would be expected on a large 
distribution system. The cycle was continued over 
several days, the current being varied by means of 
resistances and current transformers, and the tem- 
peratures recorded at frequent intervals. The curves 
in Fig. 7 show the load curve adopted and the variation 
of temperature in the two cables for the last three days. 
As will be seen, the type of cable has an appreciable 
effect on the extent of the heating. Throughout the 
run the S.L. cable remained considerably cooler than 
the plain 3-core cable. 


Trest-Group No. 4. SHEATH EFFECTS AND HEATING 
IN A LENGTH or S.L. CABLE. 


In the next and more complete set of tests an experi- 
mental 75-yard length of 0-2 sq. in., 3-core, 33 000-volt, 
S.L. type cable with a dielectric thickness of 0:34 in. 
and having the section shown in Fig. 2, was tested. 
The main armouring of the cable is a double layer 
of steel tape, and over the individual cores of the 
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Fic. 8.—Induced voltages on open circuit with 75-yard 
length of 0-2 sq. in., 3-core, 33-kV, S.L. cable. 


cable is applied a coat of impregnated cotton tape for 
protection against corrosion and to form a bedding. 

The length was laid out on the ground and covered 
with a few inches of earth to avoid the effects of air 
currents. Various direct currents up to 300 amperes 
were then passed through the conductors, each run 
being maintained for 24 hours in order to reach steady 
conditions. The final temperatures of the conductor, 
lead sheath, and outside surface of the cable, as well 
as ground temperatures, were recorded in order to deter- 
mine the thermal properties of the cable. The d.c. 
tests were followed by a.c. tests, first at 50 cycles 
and then at 25 cycles. In both cases the difference 
between the lead sheaths bonded and open was studied 
and measurements were made of the open-circuit voltage 
on the lead sheath and pilot cables, and the short-circuit 
currents flowing in the sheaths. The whole of the test- 
results are summarized in the various curves in Figs. 
8-12, and, for comparison of the thermal properties, 
data are given for a series of plain 3-core, 33-kV cables 
which were tested under identical loading conditions 
with those of the length of S.L. cable. 


Fig. 8 shows the values of the near end open-circuit 
voltage induced in the sheaths and pilot strands (far 
end bonded) with 50- and 25-cycle currents in the main 
conductor. The values show that no danger need be 
anticipated from the magnitude of these voltages. Even 
if the effect on the pilots is considered, it is evident that 
with such small values as 1 or 2 volts for, say, every 
200-yard length of cable, transposing at each joint 
would easily eliminate all interference. 


Current in bonded lead 
sheaths, amperes 


50-cycle current in conductors, amperes 


Fic. 9.—Longitudinal sheath currents in 0-2 sq. in., 3-core, 
33-kV, S.L. cable (both ends bonded). 


Fig. 9 shows the magnitudes of the longitudinal 
currents flowing in the sheaths for different 50-cycle 
currents in the conductors. As will be seen, the 
sheath currents amount to about 7 per cent of the 
main cable current. 

In Fig. 10 the sheath circuit losses for the 75-yard 
length are plotted as absolute values and as a percentage 
of the copper loss. Both curves demonstrate how insig- 
nificant are the sheath losses. Even allowing for the less- 
important sheath eddies not measured in this test, the 
total loss expressed as a percentage of the copper loss 
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Fic. 10.—Circuit losses in lead sheaths (bonded) of 0: 2 sq. in., 
3-core, 33-kV, S.L. cable. 


at the full working current of the cable is only of the order 
of 3 or 4 per cent. 

Figs. 11 and 12 show the temperatures of the conductor 
of the cable when carrying direct current and alternating 
current at 50 cycles, the outside surface being maintained 
at 20? C. In thed.c. case there are, of course, no currents 
induced in the sheaths and consequently the temperature- 
rise in the a.c. test should exceed that in the d.c. test by 
the amount caused by these losses. Comparison of the 
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values in Figs. 11 and 12 is illuminating in this respect as 
it shows the negligible heating effect of the sheath 
loses. The temperature-rises under a.c. conditions, 
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Fic. II.—Heating tests, with direct current, on 0-2 sq. in., 
3-core, 33-kV, S.L. cable. 
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shown in Fig. 12, are only very slightly higher than those 
under d.c. conditions, shown in Fig. ll. In order to 


© Conductor temperature TITA 
A Mean sheath  « 97 
MET 


Ld 
eo 


Temperature °C 
Q 
o 


t3 
o 
o 


100 
Conductor current, amperes 


Fic. 12.—Heating tests, with 50-cycle alternating current, 
on 0-2 sq. in., 3-core, 33-kV, S.L. cable. 


External temperature = 20? C. 


obtain a straightforward assessment of the S.L. type, 
it must be credited with the advantage of the cooling 
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Fic. 13.—Heating tests, with 50-cycle alternating current, 
on plain 3-core, 33-kV cable. 


External temperature = 20°C. 


due to the sheaths, as well as being debited with the 
additional heating caused by them. To study this point, 
comparison must be made between the temperature-rise 
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of the conductors in a plain 3-core cable and that of the 
conductors in the S.L. cable with all sheaths bonded 
together. In Fig. 13 are given the sheath and conductor 
temperatures for various 50-cycle currents noted in a 
load test on a 200-yard length of 0-2 sq. in., plain 3-core, 
single-wire-armoured, 33 000-volt cable. The important 
comparison to show up the merits of the S.L. cable is 
between Figs. 12 and 13. Even including the heating 
due to the losses that occur in the bonded sheaths of 
the S.L. cable, its temperature-rise for a given current is 
very much less (Fig. 12) than that of the equivalent 
plain 3-core cable. At a loading of 250 amperes, for 
instance, the temperature-rise in the S.L. cable is only 
about 13 deg. C., while in the plain 3-core it is over 
20 deg. C. Another way to compare the thermal 
properties of the two types is by a comparison of the 
internal thermal resistances. From the data given 
in Figs. 12 and 13 it will be seen that the plain 3-core 
type has a value about three times as high as that of 
the S.L. type. If both cables were laid in water the 
S.L. cable for the same temperature-rise would carry 
over 50 per cent more current than the plain 3-core cable. 


TEsTr-GROUP No. 5. HEATING TESTS ON PLAIN 3-CORE 
“H” Type AND S.L. TvPE CABLES. 


In order to obtain a still more complete and practical 
comparison of the different types of cable under discus- 
sion, heating tests were carried out on three 50-yard 
lengths of 0-2 sq. in., 33-kV cable, a plain 3-core cable, 
an “H” type cable and the S.L. type, having the 
sections shown together in Fíg. 14. The same paper and 
compound were used on all three and the same manu- 
facturing process adopted in all. The cables were laid 
out on the ground in the form of large loops and covered 
with a few inches of sand to obviate the effect of draughts. 
By means of specially insulated current transformers 
they were supplied with different load currents from 150 
to 300 amperes and at the same time made alive at 
33 000 volts. 

A large number of tests were taken, but the results are 
briefly summarized in the curves of Fig. 15, which show 
the ultimate temperatures attained by the conductors 
of the different cables. The curves call for little comment. 
The S.L. cable shows up favourably in comparison both 
with the '" H ” type and the plain 3-core cable. The 
difference in ordinates at any point shows the difference 
in temperature-rise, while to draw a horizontal line 
cutting all three curves shows the extent to which the 
S.L. cable can be loaded in excess of the other two with 
the same temperature. As would be expected, the 
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advantage of the S.L. over the ‘‘ H ” type is less in this 
respect than over the plain 3-core cable, although the 
advantage definitely exists. Both have a decided 
advantage over the plain 3-core cable. 


COMPARISON OF S.L. AND SINGLE-CORE CABLES. 


Full appreciation of the merits of the S.L. construction 
for 33-kV transmission raises the question of using single- 
core cables for the same purpose. Obviously many of 
the advantages claimed earlier in the paper for the S.L. 
cable are shared by ordinary single-core cables, and it 
becomes necessary to compare the two from the following 
various points of view :— 


(1) Losses. 

(2) Mechanical protection (closely affecting losses). 
(3) Convenience. 

(4) Interference with external circuits. 

(5) Cost of cable, laying and jointing. 


The formule for losses given on page 472 show how 
important it is to keep the separate single-core cables 


— 


Conductor temperature,°C 


0 
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Current in conductor, amperes 
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Fic. 15.—Heating tests, with various load currents and 
33-kV working voltage, on plain 3-core, “H” type and 


S.L. cables. 
External temperature = 20? C. 


as close together as possible. If they can be laid in 
triangle formation close together, then there is no reason 
why the losses with single-core, lead-covered, unarmoured 
cables should be any greater than those with the S.L. 
cable. From the point of view of mechanical protection, 
the S.L. cable can be laid direct in the ground as manu- 
factured. Single-core cables, however, must be either 
individually armoured or protected in some manner, 
for instance by the use of a concrete trough. The ques- 
tion of mechanical protection is, of course, closely con- 
nected with that of losses, as the armouring of single- 
core cables not only adds considerably to the losses on 
a.c. circuits but reduces the current-carrying capacity. 
The question is investigated further in the next group 
of tests. 


TEesr-GRovP No. 6. SHEATH EFFECTS AND HEATING IN 
SINGLE-CORE, ARMOURED AND PLAIN LEAD CABLES. 


A fair amount of data has been given on this question 
by some of the authors already quoted, but to obtain 
figures of more direct application to the present argu- 
ment the present author has carried out a series of tests 
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on two lengths of 0-2 sq. in., single-core, lead-covered 
cables with a thickness of dielectric of 0-32 in., one 
being unarmoured and the other served and armoured 
with 0-128 in. steel wire armouring. 

The lengths, each of 33 yards, were laid out on the 
ground in narrow loops, first with 2-1 in. between 


(æ) Plain lead 
(5) Wire-armoured 


Loss, in watts per 100 yards for the cable pair 


0 ———— 
150 200 250 300 
50-cycle current in conductor, 
amperes 


Fic. 16.—Sheath and armour losses in two 0-2 sq. in. single- 
core cables, with 0-32 in. thickness of dielectric. 


centres (ie. armours touching and lead sheaths ] in. 
apart) and then with 6 in. between centres, the lead 
sheaths and armouring being stoutly bonded together 
atbothends. Both cables were covered with a few inches 
of fine sand to prevent variation in surface temperature 


Voltage induced in sheath loop 
per 100 yards 


0 
150 200 . 250 300 
50-cycle current in conductor, amperes 


Fic. 17.—Voltage induced in sheaths of two 0-2 sq. in. 
S.C. cables, with 0:32 in. thickness of dielectric. 


due to draughts, and the temperatures of conductor, 
lead sheath, armouring and ground were measured at 
the ends of 4-hour runs with different current loads from 
150 to 300 amperes. The losses were also measured as 
described earlier in the paper, and the voltage between 
sheaths was measured with the bond at the near end 
opened. 
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The curves in Fig. 16 show the values of the sheath 
and armour losses obtained, and for comparison the 
copper loss is also plotted. The results bring out very 
conclusively the effect on the losses of armouring a single- 
core cable and show that with the smallest possible 
spacing the magnitude of the total losses is several times 
that of the copper loss. Calculations for the plain lead 
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50-cycle current in conductor, 
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Fic. 18.—Heating tests on two 0-2 sq. in. single-core cables 
with 0:32 in. thickness of dielectric. 


50-cycle, alternating current. 
External temperature = 20° C. 


case based on the formule given earlier in the paper 
give values considerably lower than those plotted as 
obtained from the tests. 

Fig. 17 shows the values obtained for induced voltage 
between the lead sheaths at the near end with the far 
end bonded. As would be expected, the presence of 
the armouring increases this value. 

The curves in Fig. 18 give the conductor temperatures 


Sheath bonds 
Armour grip 


Tie rods_ anchoring 
reinforcing strands 


under the conditions obtaining in this test the improve- 
ment in cooling due to the increased spacing more than 
compensates for the heating due to the increased sheath 
losses. The results for the armoured cable are less con- 
clusive on this point. 

Summing up the results of this group of tests, then, it 
is clear that the use of single-core, armoured cables for 
a.c. transmission is impracticable both from the point 
of view of losses and of current-carrying capacity. 

As any consideration of single-core cables in place of 
S.L. cables for 33-kV systems must allow for at least 
equal mechanical protection, an alternative to the indi- 
vidual armouring must be provided. There may be 
several ways of doing this, but the most practical one 
seems to be the employment of an open-topped conduit 
of earthenware or concrete in which the lead-covered 
cables are arranged and covered. 

As regards convenience, small, single cores are 
admittedly easier to handle, but this ease is a danger. 
The less a super-tension cable is bent during laying 
the better are its chances of a long life, and no matter 
how carefully instructed to the contrary, the respect 
accorded to a cable by a laying gang will always be 
in proportion to the diameter of the cable. The best 
way to ensure minimum bending is to make bending 
difficult. The separate cores in the S.L. cable under all 
conditions of laying will receive very much less bend- 
ing than equivalent single-core cables will be subjected 
to. Then, again, admitting the necessity for a concrete 
trough or its equivalent for the protection of single- 
core cables, considerations of convenience when laying 
in a congested ground are in favour of the S.L. type 
in preference to the separate single-core cables. 

Whenever single-core cables are used the question of 
interference with external telegraph and telephone 
circuits must be watched. The cores in the S.L. type 
are twisted together with a lay of only a few feet, while 


Concrete box- 


Fic. 19.—Joint in S.L. cable. 


recorded on these runs. Owing to well-known difficulties 
in carrying out thermal tests, the points are somewhat 
irregular and care is required in interpreting the results. 
The temperature of the cable is, of course, controlled 
by the relative effects of the losses and the cooling. 
Armouring naturally raises the temperature by increasing 
the loss, as is seen by comparing the upper and lower 
pairs of curves, but when the loss is increased by widening 
the spacing, the cooling is at the same time improved and 
the two effects act in opposite directions on the cable 
temperature. The two lower curves in Fig. 18 show that 


the equivalent single cores are laid together side by side 
without any twist. It is therefore evident that, with 
the former, interference would be absent, while with the 
latter it might be very pronounced. 

Under item (5) on page 476 comparison of a number 
of cases of different sizes shows that, taking into 
account the cost of cable, excavation, laying, jointing 
and reinstatement, the advantage is with the S.L. cable. 
A single-core installation for the same thickness of 
dielectric costs slightly more than an S.L. installation. 
If the question of pilots be included in the comparison 
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and the S.L. type with pilots, as shown in Fig. 2, be used | 


on the one hand, with single-core cables and separate 
pilots on the other, the advantage in favour of the S.L. 
type may amount to as much as 6 or 8 per cent on the 
cost. 


JOINTING or S.L. CABLES. 


The question of joints and terminals on S.L. cables 
calls for a few words. As each core is in itself electrically 
complete, the electrical joint in the complete cable con- 
sists of three simple single-core joints. The most 
convenient method of arranging them is side by side 
as shown in Fig. 19. This shows the scheme for jointing 
a tape-armoured S.L. cable having reinforcing strands. 
Three separate lead-sleeve joints are carried on porcelain 
bridges in a concrete container which is afterwards 
filed with a pitch compound. Provision is made for 
rigidly anchoring the reinforcing strands from one side 
to the other and for bonding the lead sheath and armour- 
ing together. A termination on an S.L. cable is a simple 
matter, as the separate cores are carried away to single 
terminal insulators, the armouring being terminated 
separately on a suitable fitting. 


GENERAL CONCLUSIONS. 


Metal-sheathed-core cables have many important 
advantages over plain 3-core cables, and practically 
no disadvantages. Of the two types of metal-sheathed- 
core cables, the S.L. type has important advantages 
over the non-S.L. type, but has been considered to have 
disadvantages because of the voltage generated and 
losses incurred in the sheaths surrounding the separate 
cores. A wide range of tests shows conclusively that 
these fears are groundless. The voltages are very small, 
even when not suppressed by bonding, and when the 
cables are bonded together the losses due to eddy currents 
are negligible. Also, contrary to the previous supposition 
that the losses reduce the rating of the cable by the heat 
generated in the sheaths, the cooling effect of the sheaths 
carries the balance far in the opposite direction, resulting 
in the S.L. type of cable running very much cooler than 
the plain 3-core cable. Considering also that the S.L. 
cable is lighter in weight than the plain 3-core cable and 
Carries with its use a very simple joint construction, in 
addition to the known electrical advantages, it seems that 
an unanswerable case is made for its use as a solution 
of the 33 000-volt cable problem. 


DISCUSSION BEFORE THE INSTITUTION, 20 JANUARY, 1927. 


Mr. C. J. Beaver: On page 469 the author ascribes 
the causes of breakdown to a combination of tangential 
stresses and the ionization of air or other gas in the 
insulation. Conversely, I suppose, one would gather 
that these breakdowns would not occur if the air were 
not there to be ionized, and that the tangential stress 
by itself would be quite innocuous and within the 
margin of safety of the insulation. The author refers 
to the efforts made by various inventors to overcome 
the troubles which have arisen in these 33 000-volt 
cables, but in each case they refer to the construction 
and not to any manufacturing process. The author 
himself, after setting out this statement as to the causes 
of trouble, does not again throughout the paper refer 
to any frontal attack which might have been made on 
this occlusion and ionization of air or gas in the insulation. 
One would have thought that the natural thing to do 
would be to attack the problem of how to prevent the 
occlusion of air and gas, because, on the author’s own 
showing, the trouble would then presumably not have 
occurred. However, it is worth while to consider for a 
moment the causes of these occlusions. The ordinary 
process of impregnation of cables consists of lapping 
paper on the conductors of the cable and putting it 
through various drying and evacuating processes to 
withdraw the air and moisture as far as possible, and 
then flooding it with compound under pressure, and so 
on. To my mind, the cause of these occlusions is that, 
in the first place, it is impossible completely to withdraw 
all the moisture and air; and, in the second place, 
when the dielectric is flooded with its impregnating 
medium, there is a decided tendency for the residual air 
to be trapped, apart from gases which are evolved from 
the hot compound. Another point about the ordinary 
process is that, in order to get an impregnating medium 
through the substantial thicknesses of paper which have 


to be used on these cables, the physical properties of 
the impregnating medium have to be such that it 
can penetrate the mass of paper within a reasonable 
time. In other words, it has to be of a thin, mobile 
character in order to impregnate properly. That is a 
disadvantage, because it correspondingly entails com- 
paratively low viscosity at normal working temperatures, 
and therefore a tendency to flow or drain away from the 
cable, or from one part of it to another, as circumstances 
dictate. The main point about this process, which has 
been used since the beginning of paper cable manu- 
facture, is that these risks in manufacture and disad- 
vantages in use are considerably increased in these 
33 000-volt cables as compared with l.t. cables, because 
of the increase in thickness of the insulation to be 
penetrated. Concurrently with these disabilities and 
enhanced risks, the electric stresses under which the 
insulation has to function in these cables are much 
greater than in cables for lower pressures, and are of 
such order that air and gas occlusions of suitable forms 
or dimensions are easily ionized. Another process, for 
which I am responsible, tackles the problem in another 
way. Its main principle differs widely and fundamentally 
from the ordinary process, in that it consists in impreg- 
nating the paper before it is applied to the cable. This 
is done by passing the paper in sheet form through 
impregnating machinery and then cutting the wound-up 
rolls into discs or coils of the required width and applying 
them to the cable in that prepared form. As this process 
has been satisfactorily in use for about 30 years, it may 
be assumed that it is correct from the technical point 
of view. The process has several advantages. In the 
first place, the whole of the insulation when it is built 
up on the cable has received exactly the same treatment. 
The next advantage is that it is possible to use an 
impregnating medium which is not, or need not be, of 
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an oily character. It can be a solid at the ordinary 
temperature. It is liquefied simply by heat, and the 
air and moisture are expelled from the paper by passage 
through the hot liquid medium. A good idea of the 
effectiveness of this expulsion can be gained by putting 
a piece of paper in molten paraffin wax at about 280° F. 
The air and moisture are quickly driven out, and the 
paper becomes thoroughly filled with wax. The remain- 
ing requirement is that this perfectly prepared paper 
should be assembled in an air-free condition on the 
cable; and it will be clear that if this assembly can be 
accomplished under the surface of hot compound, i.e. 
out of contact with air, the occlusion of air in the lappings 
becomes impossible. This is actually carried out by 
means of specially designed machinery, which also 
embodies special features bearing on precision of 
assembly. The fundamentally important fact about 
this process is that all its factors are constant and— 
unlike the ordinary process—independent of the thick- 
ness of insulation. In other words, it is capable of 
extension without disadvantage to the largest practicable 
thickness of insulation. The air-free condition obtained 
in this way can be shown by the power-factor/voltage 
temperature and time characteristics ; and the degree 
of solidity is reflected in the thermal resistivity of the 
dielectric, which is, even in the ordinary 3-core cable, 
considerably lower than any existing recorded value. 
The result of these conditions is that the sequence of 
events which admittedly lead to breakdown in highly 
stressed dielectrics, viz. occlusion, segregation and 
ionization of air and gases, cannot occur; and no cable 
made by this process has yet failed under working 
conditions, although some of them have been under 
load for 34 years. The author says nothing whatever 
about these insulation properties, and that is why I am 
laying stress on them, because I should like it to be 
understood that the provision of a perfectly efficient 
insulation for 33 000-volt cables in ordinary form is 
quite feasible to-day. In Fig. 14 three types of 
cable are compared, a plain 3-core cable, an “H” 
type cable, and the S.L. type. The author does not 
show the radial thicknesses of insulation and other 
component parts of those cables, but the S.L. type is 
shown to have the least overall diameter, and the plain 
3-core type the greatest. In the discussion on Col. 
Mercier's paper, I showed quite plainly that if an ordinary 
or belted type is compared with the single screened 
3-core type, from considerations of diameter, the most 
economic disposition of a given amount of insulating 
material is to place it partly over the core and partly 
overall. The lantern slide * shows the comparison on the 
basis of equal maximum stresses at the conductor 
surfaces, and the result is a difference in diameter in 
favour of the belted type. The next slide f shows it 
on the basis of equal diameter over the insulation, i.e. 
under the lead sheath. Under these circumstances the 
maximum stress is appreciably in favour of the belted 
type. Do not let us be misled by these ex parte state- 
ments about diameters. If we increase diameters we 
increase cost, and if we increase working stresses we 
reduce factors of safety. These comparisons are not a 


* Shown as Fig. C in the discussion on Col. Mercier’s paper (see page 508). 
t Shown as Fig. D in above discussion (see page 503). 


matter of opinion. They are matters which anybody 
can check by geometry and simple mathematics. 
Major A. M. Taylor: The author has evidently 
been at particular pains to prove that the sheath circuit 
currents in the Henley and S.L. types of cable, as well 
as the voltage set up in these lead sheaths, are negligible, 
and also that not only are these currents negligible from 
the point of view of efficiency but that any heat which 
they generate has no appreciable effect upon raising 
the temperature in the innermost core of the cable. 
Figs. 11, 12 and 13 are particularly instructive and 
interesting. I suggest that there is a discrepancy 
between Fig. 11 and Fig. 12, which would mean that 
one must only take these temperatures as being 
just rough approximations. On the other hand, the 
results in Fig. 13 which give a conductor temperature 
of 50? C. at the same current as before and: a sheath 
temperature of 23? C. are a most eloquent testimony 
to the better dissipation of the heat from the copper 
in the S.L. cable as compared with that in an ordinary 
plain 3-core cable. Basing my deductions on Prof. 
Cramp's calculations, I think that the case is even more 
favourable to the Henley cable than appears; because 
I feel that the losses due to the eddy circuit currents in 
the lead sheathing are very much less than assumed. 
Knowing something of the possibilities of errors in 
measuring these losses, I feel the more justified in making 
this suggestion. On the vexed point of the relative 
current-carrying capacity of the “ H " cable versus the 
plain 3-core cable, it is rather interesting to see (vide 
Fig.15) that for an equal conductor temperature of 35? C. 
in all three cables the relative carrying capacities are: 
For plain 3-core cables, 227 amperes; for “H” type 
cables, 240 amperes; and for S.L. type cables, 263 
amperes. From this it is easily seen that the “ H " type 
cable, according to the author's experiments, has an 
advantage in current-carrying capacity of 6 per cent. 
This result is stated to be on the basis of a uniform 
lead sheath temperature of 20? C. in the case of all 
three cables, and therefore the greater current-carrying 
capacity must be slightly modified on account of the 
temperature-rise in the ground when transmitting the 
greater power. The author's conclusions as regards 
the greater dissipative capacity of the S.L. type cable 
would appear to be warranted by Fig. 15, which shows 
that the S.L. cable passes 16 per cent more current 
(34-5 per cent more heat) than the plain 3-core cable, and 
9-5 per cent more current (20 per cent more heat) than 
the " H " type cable. From this it would appear that 
the heat-dissipative capacity of the Henley cable is no 
less than 34 per cent in excess of that of the plain 
3-core cable. As regards the question of single-core 
cables, the author's conclusions are most interesting. 
His Figs. 16 and 17, however, do not do full justice 
to the single-core cable, because he has not put the two 
lead sheaths in immediate contact but has separated 
them by 4 in. Moreover, I believe his losses are far 
in excess of those that will actually occur, according 
to Prof. Cramp's formula. However, taking his figures, 
he makes out an advantage of 6-8 per cent on the cost 
in favour of the S.L. cable. I believe, however, that 
it is possible to obtain from the single-core cables some- 
thing like 15 per cent more current-carrying capacity 


480 


DUNSHEATH: 33000-VOLT CABLES WITH METAL-SHEATHED CORES, 


than he has assumed, which would turn the balance 
the other way. Again, he has not considered the 
employment of 66 000-volt single-core cables which, 
from the results at Paris and Newcastle, appear to be 
quite satisfactory. If these cables were compared with 
S.L. 33 000-volt cables, and with the extra 15 per cent 
which I have mentioned above, I feel convinced that the 
balance would be very greatly in favour of the single- 
core cables, with the additional advantage that, since 
there would be only about one half the number of 
circuits to be provided for the transmission of a given 
power, the cost of step-up and step-down transformers 
and of switchgear (including the housing of the latter— 
a big matter) would make a very great difference in 
favour of the single-core cables. Coming now to the 
question of losses in single-core cables, I make out that 
according to Prof. Cramp's Table 2* the sheath losses 
with plain lead cables, at 1:46 in. centres, would only 
be 0-15 per cent of the copper losses at 250 amperes, 
instead of 9:5 per cent as shown at 2-1 in. centres. 
Fig. A gives the results of Prof. Cramp's Table 2 which 


Values of X 


2 8 4 5 10 15 
Ratio:— (Sheath loss)/(Copper loss) per cent 

Fic. A.—Circuit eddy losses calculated from Prof. Cramp’s 
Table 2. 


If have interpreted as applying to cables arranged in 
triangular formation, or to two cables arranged side 
by side. I shall be glad to have some light on this 
question. I have worked out lead-sheath losses from 
Prof. Dwight's approximate formula, and get results 
only some 100 per cent greater than those given by 
Prof. Cramp. Prof. Dwight has gone into the ques- 
tion with extreme thoroughness, and I can hardly 
imagine that his results are wrong in the proportion 
of 44 to 1. The author appears to have accepted 
Prof. Cramp's conclusions and therefore I am rather 
surprised that he does not find the discrepancies which 
I have discovered. I am aware that he asserts that 
Prof. Cramp's results do not apply to a triangular 
arrangement of the three phases; but on page 482 of 
vol. 61 Prof. Cramp uses the word “eddy” current, 
which, in view of the two terms used by him—to which 
the term '' eddy ” is common—I assumed to refer both 
to “ circuit eddy losses" and “sheath eddy losses." 
Prof. Dwight, at any rate, incontrovertibly deals with 


* Journal I.E.E., 1928, voi. 61, p. 482. 


the triangular arrangement. If Prof. Cramp's figures 
in his Table 2 are wrong for triangular formation, I 
suggest that he publish a new table and series of curves 
such as I now exhibit, corrected for this formation, 
and thereby enhance the value of his investigations. 

Mr. S. W. Melsom : I propose to deal only with the 
experimental portion of the paper except to point out 
that the author has hardly enumerated all of the causes 
of the breakdown of cables—there are, of course, con- 
ditions extraneous to the manufacture which lead to 
breakdown of cables, but possibly the author has found 
these to be too numerous for inclusión. With regard 
to the experimental results and the comparison between 
the S.L. cable and the belted type of 3-core cable, the 
author has, perhaps not unnaturally, a bias in favour 
of the S.L. cable, and it is not easy from his results 
to evaluate the real difference of temperature-rise due 
to the lead sheaths and copper tape. The belted type 
of cable has necessarily a higher thermal resistance 
than the unbelted one, and it would be interesting if 
we could have figures which would show the effect of 
the extra conduction due to the lead sheaths for cables 
of equal dimensions. This is a point of the greatest 
interest, especially in view of the fact that super-tension 
cables nowadays are frequently made without the belt 
and that American investigators claim an improvement 
of as much as 6 per cent due to the use of copper tape 
alone. On page 473 the author suggests an improvement 
of 12 per cent when the cable is laid in water, but this 
condition is clearly not the practical one and unduly 
favours the S.L. type of cable. When the cable is laid 
in ordinary soil, on the basis of the author's figures 
the improvement would appear to be of the order of 
4 per cent. Another debatable point is the question 
of sheath losses on single-core cables. The experimental 
curves given in the paper agree well with those given 
in a paper by Mr. Beer and myself * in which, by the 
way, we were unable to obtain experimental results to 
justify the application of Prof. Cramp's formule to 
all of the ordinary conditions of cable laying. I am 
puzzled by the figures given in Table 2, and it would 
be helpful if the author would say whether in this case 
the loading was three-phase, or if the three cores were 
connected in series, with a single-phase loading. 

Mr. T. N. Riley: I am surprised that the author 
refers to mechanical and thermal characteristics only, 
and not to electrical characteristics. It is only by 
a change in the electrical characteristics that one can 
determine whether any deterioration has taken place 
while the cable has been on load or while it has been 
handled. It is not difficult to manufacture a cable 
which will stand the repetition of the pressure test 
after the ordinary bending test, but a dielectric-loss 
test would show evidence of damage by formation of 
voids which any pressure test ordinarily would not 
show. In supporting the merits of the belted type of 
construction Mr. Beaver suggests that with a satis- 
factorily manufactured cable the air spaces or voids 


| in the insulation, which give rise to ionization and also 


make the tangential stresses dangerous, would not 

occur. He dealt only with the method of obtaining 

initially good impregnation, but that is not the last 
* Journal I.E.E., 1925, vol. 63, p. 190. 
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factor in securing freedom from voids in the insulation. 
The expansion of the compound, even if the cable is 
perfectly impregnated initially, will distend the lead 
and there will inevitably be some type of void formed 
on cooling. Such voids in the belted type and the “ H ” 
type are formed mainly in the filling between cores, 
but in the belted type they are subject to both radial 
and tangential stress, and will probably lead to trouble, 
whereas in the '' H " type the fillings are screened from 
stress and there will be no harmful results. I am quite 
in agreement with the author that either type of metal- 
sheathed core is better than the belted type, because 
it is most important to remove the tangential stress or, 
more accurately, the tangential leakance. In the S.L. 
type, however, any voids must be formed in the working 
insulation where they are still subject to stress, and in 
this respect it is inferior to the “ H ” type. Again, 
on page 471 the author makes several claims as to the 
advantages which the S.L. type has over the "H" 
type. In the first place, he claims that its mechanical 
construction is better, and he bases his claim mainly 
on the fact that it has a smaller lead tube. Against 
that is the fact that there is a quite appreciably severe 
mechanical handling due to laying up three lead- 
covered cores together. That, I should say, is more 
severe than the average bad treatment that might 
be given by any ordinary construction gang. Any 
voids so created are not subsequently repaired by im- 
pregnation, and any damage done is permanent. Again, 
the steel-tape armour, which is necessary to hold the 
three cores together, bears on only one edge of the lead. 
The lead sheath is supported at three points only, and 
for the rest there is relatively soft worming. This will 
inevitably lead to distortion of the sheath and damage 
to the insulation. That the author appreciates the risk 
is shown by the fact that he has added a copper-tape 
reinforcement under the lead. This can only be a 
palliative and not a cure, and is obviously not such a 
good mechanical construction as one in which the 
armour bears on the whole surface of the lead sheath. 
Then he claims a better cooling effect. That the single 
lead sheath assists the dissipation of heat is true, but 
Fig. 15 shows that the S.L. type is better than the 
"H' type by only 2 degrees C. at 250 amperes, a 
difference that might easily be obtained between any 
two cables of the same type manufactured at the same 
time. It is almost within the margin of experimental 
error. It must also be remembered that the extra 
Sheath losses, though they are small, have to be got 
rid of. They have to be supplied from the generating 
station, and the cost of supplying those losses amounts 
to at least something of the order of 1 per cent on the 
capital cost of the cable. In claim (3) he refers to the 
advantages in a hilly country, where there may be a 
considerable head of oil in the cable. The pressure head 
does not as, he infers, depend entirely on the flow of 
oil through the cable. It depends on the difference of 
level and, although the flow may be extremely slow, 
pressure at the lower point will ultimately be developed. 
The speed of flow depends only on the tightness of 
packing of the insulation. That may be quite as good 
in the '' H " type as in the S.L. type. The S.L. type is 
inferior in that, at the point of high pressure, instead 


of the lead being supported round the whole of its 
surface it is supported at three points only. For the 
rest there is relatively soft worming and no real support 
against hydraulic pressure. With regard to the steel 
reinforcing strands, it seems to me that the author is 
making rather a virtue of necessity. He must use the 
tape armour to hold his lead cores together, and to get 
longitudinal strength he adds reinforcing strands. I 
should like to ask him whether the circulating currents 
set up in the reinforcing strands, or in the pilot sheaths 
if they are used, were included in the losses when he 
took the ordinary heating curves of Fig. 15. Voltages 
were induced as shown in Fig. 8, and there must have 
been circulating currents flowing which would add to 
the losses and change the relative position of the cables. 
As regards ease of impregnation, there may be a slight 
difference in favour of the S.L. type, but no factory, 
I should imagine, would have any difficulty in securing 
equally good results on either. The point is not an 
important one and interests the manufacturer rather 
than the user. One other controversial point in the 
paper calls for comment, and that is the dimensions of 
the cables in Fig. 14. I will not touch on whether it 
is fair to make the 3-core belted cable larger than the 
S.L. and “ H " types. After all, that depends on the 
method one adopts to calculate the stresses; and al- 
though, given a formula, the arithmetic may be as 
simple as Mr. Beaver suggests, thereisa quite appreciable 
controversy as to the correct formula, and different 
results would be obtained according to the particular 
leader one followed. As regards the comparison of 
the S.L. and " H " types, the former has a tape armour 
and the latter a wire armour. Was that wire of the 
size specified in the B.E.S.A. Specification for cables 
of these dimensions, viz. 0-192 in.? It is extremely 
rare to use so heavy a wire for high-voltage work, 
and it is more common to use a wire of 0-128 in., 
giving a more flexible structure and sufficient longitudinal 
strength. If one takes the smaller wire, the relative 
dimensions of the two cables are reversed. The heavy 
wire is so rarely called for that I think the B.E.S.A. 
might consider, when they are next revising the Speci- 
fication, a reduction of the single-wire figure for lead- 
sheathed cables to something of the order which is now 
standardized for vulcanized-bitumen cables. Major 
Taylor expressed sympathy with some manufacturers 
who have put down high-voltage cable and have had 
trouble with it, involving them in considerable losses. 
The pioneer in any field is, of course, entitled to honour, 
but there are two ways of pioneering in high-voltage 
cable work. One can either go straight ahead and 
build the cable on the lines which have been successful 
for lower voltages, hoping that it will stand up, and 
possibly being involved in considerable losses when it 
does not; or one can spend money on research in the 
factory first, and be fairly sure that the problem is 
scientifically understood before any cable is put into 
service. The latter method involves less loss to both 
maker and user and, although it may be apparently 
later in the field, it is surely entitled to as much sympathy 
and probably more confidence than the former. 

Mr. J. K. Webb: The subject of the paper is specially 
interesting to me because for the past two years I have 
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been engaged on research work relating to it. The 
idea was popularized in this country by the research 
work of Prof. Cramp and his assistants, and I think 
a great deal of credit is due to them. There are one 
or two points in the paper which, I think, call for 
comment. On page 472 the author says: “The 
sheath circuit loss, however, is not the same for the 
single-phase and three-phase cases." The cables, I 
take it, were arranged in delta form. All authorities 
are agreed that the same formula may be applied in 
these two cases, and I should like to ask the author 
whether he has found otherwise. On page 477 he says: 
“Calculations for the plain lead case based on the 
formule given earlier in the paper give values consider- 
ably lower than those plotted as obtained from the 
tests." The formula quoted for the sheath circuit 
loss has already been criticized by Mr. Simon in the 
discussion following Prof. Cramp’s 1925 paper,* which 
the author quotes. He took exception to the value 
of the logarithmic term (1 — K)/K which appeared in 
that formula. Prof. Cramp based his formula on the 
assumption that any flux due to one cable cutting the 
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other sheath will add nothing to the circulating current, 
on account of the eddy currents which it will induce in the 
sheath of that cable reactingon the inside flux. That 
means that the lead sheath has a strong screening effect 
on the flux. If this assumption is invalid, the term 
should be 1/K, and it must be noted that, if this factor 
is substituted for the term (1 — K)/K in the formula, 
it will be found to check up much more closely with 
the author's experimental figures, as I shall show now 
in connection with Fig. B, which is a reproduction of one 
of the author's lantern slides. His experimental curve, 
for 160 amperes is at the top. If the formula he gives 
be applied to the case in point the dotted lower curve, 
which is far below the experimental curve, is obtained. 
It will be noticed that the percentage divergence in- 
creases as the cables get closer together. That means to 
say that the formula is most incorrect when the cables are 
close together, as in the author's case. However, if the 
term 1/K be substituted, the chain-dotted curve, which 


* Journal I.E.E., 1925, vol. 63, p. 690, 


is nearer to the experimental one will be obtained. I have 
calculated these figures on the nominal thickness of the 
lead which the author gives. No doubt if I used the 
actual thickness, with the very slight tolerance allowed 
for in manufacture, the two curves would coincide. Prof. 
Cramp has given a numerical valuation to the integral 
on page 472 for the worst case. It is about 3 when 
the cables are touching. I myself have explored the 
alternating field inside the lead sheath of a single-core 
cable with a search coil, and have found that the screening 
effect assumed by Prof. Cramp is in fact quite negligible. 
I am not making these observations with the object 
of detracting from the work of Prof. Cramp, to whom 
the initial honour is due, but, as is evidenced in the 
present case, when the cables are tangential the diver- 
gence between the two formule is important. 

Mr. F. C. Raphael: I took up the paper with an 
open mind as to the values of the ‘‘ H ” cable, the S.L. 
cable, and the ordinary 3-core cable, and after reading 
it I felt that the author has done a good deal to convince 
those who, like myself, happen not to be partisans, 
but I should like him to reassure me on one point. In 
one of his figures he shows the presence of longitudinal 
current in the sheath, amounting to 7 per cent. I 
gather that that is under ordinary working conditions. 
Assuming that there is a serious fault at one end of the 
cable, is there not just a possibility that the lead sheaths 
wil be carrying such an enormous current that the 
cable will be stripped for a very great distance? I do 
not wish to suggest that it is so, but I am merely asking 
the question so that the author may have an opportunity 
of reassuring us on that point. 

Mr. A. Rushton : The author shows in Fig. 10 that 
the sheath losses in the S.L. type of cable are very small 
indeed. I think that probably these low losses are due 
in a large degree to the copper sheath which is placed 
underneath the lead sheath in the S.L. type. In the 
cable illustrated in Figs. 1 and 2 there are some special 
reinforcing strands which are in close association with 
the sheathed cores of the 3-core cable. Now the lead 
sheath itself, as shown in Fig. 16, forms a very ineffective 
shield. In this figure we find that the sheath and armour 
losses are about 10 times what they are in the case of 
the unarmoured cable. So that, although we are deal- 
ing with a 3-core cable in the S.L. type, if it were not for 
the shielding effect of the copper sheath those losses 
would be much higher. It would be rather interesting 
to know whether any tests have been made on an S.L. 
cable of the type shown in Fig. 1 or Fig. 2 without any 
copper sheath underneath the lead sheath. If we take 
the curves given in test-group No. 4, the cables are first 
subjected to heating with low-tension current, and then 
to heating and stressing with 33 000 volts. I assume 
that that is the only difference between those two tests. 
If we take the top curve in Fig. 12 for the S.L. cable and 
the bottom curve in Fig. 15 we find, assuming that those 
curves are correct, that the curve in Fig. 15 shows from 
1 to 2 degrees higher temperature. We may assume 
that the extra heat is due to the dielectric loss. Taking 
the curve in Fig. 13 for a plain 3-core cable and com- 
paring it with the curve in Fig. 15 for the plain 3-core 
cable, the relative difference between the two tests 
being the same as for the two curves for the S.L. type, 
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we find that the dielectric loss in the test illustrated in 
Fig. 15 gives a curve which is from 2 to 3 degrees lower, 
so that any dielectric loss present is apparently negative. 
Has the author any explanation to offer for this, or does 

the difference of 2 to 3 degrees indicate the limits of 
experimental accuracy throughout the whole of these 
tests ? 

Mr. N. A. Allen (communicated) : The failures which 
have occurred on 33 000-volt cables are largely attri- 
buted by the author to ionization of the air and other 
gases in spaces within the insulation under electric 
stress. On page 469 a list of reasons for these spaces is 
given, and of these the first three are certainly avoidable 
in a well-made cable. The chief cause for vacuous 
spaces, however, and one which is absolutely unavoid- 
able in any cable whatsoever, is entirely omitted from 
the list, viz. the expansion of the impregnating oil 
during heating with load. Consider what happens when 
a cable is heated up with current under load conditions. 
Let it be assumed that there is no free air in the cable 
and, in fact, that the cable has been perfectly impreg- 
nated. The coefficient of expansion of the oil is many 
times greater than that of the lead. To allow of the oil 
expanding as the cable heats up, the lead expands 
beyond its elastic limit and is permanently enlarged. 
When the cable cools, the oil contracts to its original 
volume while the lead sheath remains enlarged, hence, of 
necessity, spaces now exist. It should be emphasized 
that this is true of all cables, whether good, bad or 
indifferent ; in fact, it is true to say that the more 
nearly perfect is the cable when first manufactured (in 
so far as completeness of impregnation is concerned) 
the greater is the relative deterioration after heating. 
Now consider the magnitudes involved. In the S.L. 
type of cable, on the basis of the lead sheaths acting as 
isothermal surfaces, calculation will show that the 
increase in volume of the dielectric space is of the order 
of 0-5 percent. In the“ H” type of cable where the same 
absolute expansion of the cores takes place, but where 
the worming space is cooler than the cores, the expansion, 
being averaged over a larger total volume, gives an 
increase in volume of the dielectric space slightly less 
than 0-5 per cent. Thus, at any rate, the '' H " type of 
cable is certainly not more liable to the formation of 
vacuous spaces than the S.L. type of cable. Passing 
to the plain 3-core type of cable, we find that the in- 
crease in volume of the interior due to the large area of 
the worming, all of which is heated up to a higher 
temperature of the lead, is of the order of 1 per cent, 
which represents a serious proportion of vacuous spaces. 
With such an amount of vacuous spaces which cannot 
be avoided in belted 3-core cables, the failures which 
have occurred from time to time on 33 000-volt cables 
are easily explained. In this connection, two pheno- 
mena which are mentioned by the author are extremely 
interesting: (1) Breakdowns occur at times of light 
load; that is, when the cable has cooled, spaces have 
developed and ionization has had time to cause charring 
of the papers, followed by failure of the cable. (2) Even 
after the most stringent tests before putting the cable 
into service, breakdowns have occurred after one or two 
years of satisfactory working. In other words, a cable 
which was not run at full load when first put into com- 


mission, began after one or two years of increasing loads 
to be heated up to such a temperature that permanent 
expansion of the lead took place, followed by ionization 
and breakdown at a time of light load. In this con- 
nection I should like to emphasize the need for a test 
at the cable maker's works which will afford a true 
indication of how the cable will behave in service. 
Insulation resistance, capacity, pressure and, particu- 
larly, power factor tests are very interesting, but they 
do not show whether a cable will be free from breakdown 
after putting it into commission. From a study of the 
phenomena just mentioned it seems quite clear that 
there is one test which, if successfully withstood at the 
cable maker's works, will give an assurance that the 
cable will be free from trouble in service. This test is 
as follows: The cable must have its variation of power 
factor at different voltages measured immediately after 
manufacture. It must then be heated up with current 
until steady full-load conditions are attained. It must 
then be allowed to cool, and when cold another test of 
the variation of power factor with voltage must be made. 
If there is no appreciable rise in power factor after heat- 
ing and cooling, it is evident that ionization is not taking 
place as a result of the lead sheath having expanded and 
spaces having formed in the insulation, and therefore the 
cable will be suitable for continuous service at 33 000 
volts. It is difficult to say whether those 33 000-volt 
cables which have failed would have passed this test. It , 
can, however, be said with confidence that a well-made 
cable of the “ H ” type would pass the test without any 
difficulty. 

Mr. S. C. Bartholomew (communicated) : As the 
author points out, the S.L. type of cable has advantage 
over the equivalent single-core type of construction in 
the matter of interference with neighbouring communi- 
cation circuits. It is assumed that the reference here is 
to the effects of the external field produced by the 
asymmetrical arrangement of the conductors. Inter- 
ference between underground power mains and overhead 
telephone circuits running parallel is not uncommon, but 
usually the disturbing field has not been found to be due 
to the actual working voltages and currents, but to the 
third harmonic and its odd multiples produced by a 
generator having its neutral point earthed, and feeding 
directly into the mains. With this phenomenon, 
twisting the power conductors has no effect in 
reducing the interference, as the third-harmonic current 
is in phase on the three lines. I think, however, that 
inductive effects would be reduced in such cases, perhaps 
to a negligible amount, by the use of S.L. cable, owing 
to the neutralizing effect of the current in the lead 
sheathing on the individual cores. These internal 
sheathings are apparently insulated from earth except at 
the feeding points and, that being so, the return path of 
the third harmonic charging current, which would 
normally spread out through the earth, will be confined 
to these insulated sheathings and should more nearly 
balance and neutralize the effects of the charging cur- 
rents in the actual conductors. It has not been over- 
looked that where generators feed directly into mains 
the voltage employed is relatively low, and the special 
types of cables dealt with in the paper would not be 
required. It is gathered, however, that direct genera- 
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tion of much higher voltages is now being considered, 
and it may be that, at some time in the future, S.L. 
types of cable may be required for such supplies owing 
to the increased pressures employed. 

Mr. E. A. Beavis (communicated) : The author is to 
be commended for his plain speaking in regard to the 
general weakness of the ordinary 3-core cable for high 
voltages. It is quite time that recognized cable autho- 
rities in this country should deal candidly with the 
critical facts of the situation. The question as to 
whether this type of cable can ever be sufficiently 
improved to render it reliable in service is one that 
time alone can answer, but meanwhile the obvious 
remedy lies in the use of some form of single-core cables. 
The S.L. types put forward in the paper show reinforcing 
strands and steel-tape armouring. I can, of course, 
understand the author’s preference for this design, 
but an efficient alternative would surely consist in wire 
sheathing without the reinforcing strands. It might be 
advisable in the latter case to shorten the lay of the cores 
a little. The paragraph relating to mechanical strength 
clearly proves the superiority of the S.L. cable over the 
plain 3-core cable; the inference contained therein is, 
however—no doubt unintentionally—somewhat unfair 
to the " H” cable, which would quite feasibly pass 
the specified test without trouble, that is to say in 
regard to the cores themselves. The matter of housing 
pilot cables in the filler spaces is a somewhat doubtful 
advantage, in fact there are fairly obvious reasons 
against the procedure in practice. In particular it has 
been rumoured that great difficulty is experienced with 
regard to the working of protective gear when dealing 
with separate single-core cables, probably owing to 
out-of-balance sheath currents. Any data that the 
author has in this connection would be of interest in 
considering the cable shown in Fig. 2. The various 
experimental results presented are of special interest 
to me as they accord in a remarkable manner with 
those I obtained some time ago when carrying out a 
similar series of tests. In the thermal tests the three 
types were compared, the cables being wire-sheathed 
and having the same external diameter; and it was 
found that the “H” and S.L. types had thermal 
resistances equal to 83 and 70-per cent respectively of 
the belt type for the cable alone. Allowing as a 
maximum for sheath losses 5 per cent of the copper 
loss, this gives the current-loading capacity of the 
S.L. type as 17 per cent greater and the “ H ” type 
10 per cent greater than the corresponding plain 3-core 
cable, as basic values for the same temperature-rise. 
Of course in practice these figures will be somewhat 
reduced by the effect of the soil thermal resistance, but 
where conditions are good it will be seen that the S.L. 
cable will probably carry about 5 per cent more current 
than the “ H " cable. An examination of the thermal 
conditions of the various types under load shows that 
in the plain 3-core cable the maximum temperature is 
at, or closely approaching to, the centre of the cable, 
depending upon the relative size of conductor to thick- 
ness of insulation. In the “H” type the highest 
temperature occurs at the conductors and the cable 
centre is about 5 per cent lower, there being evidently 
an appreciable drop of temperature along the metallized 


surface. The “ H” type referred to has metallized- 
paper-covered cores; in another type that has copper 
strip covering of the cores—rather favoured in the 
United States—there is an improvement in thermal 
efficiency, the metal layer becoming more nearly an 
isothermal, as it is to all practical purposes in the 
S.L. type. The copper-strip type, to my mind, how- 
ever, is not so effective a covering electrically as the 
metallized paper, unless the gap between adjacent 
edges is kept extremely small, which introduces 
impregnating difficulties. From the foregoing. thermal 
conditions it will be noted that with the ordinary 
belted cable the chief part of the dielectric loss takes 
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place at the maximum temperature, and, apart from 
any consideration of ionization, this must have a 
greater value than in the single-core type where the 
loss conforms to the mean temperature. The dielectric 
power factor will similarly be higher in the former case, 
and the effects of the losses on the temperature-rise of 
the conductors will be much greater, in fact almost 
double that in the single-core cases. The author has 
made out a good case for the S.L. type but has, to my 
mind, stressed some of the rather doubtful advantages 
to the detriment of those of greater importance. In 
connection with the jointing it is possible to use an 
ordinary compound-filled sleeve with or without paper 
tube, provided the design is satisfactory, whereas with 
the “ H " cable a taped joint is almost obligatory. In 
the event of a fault developing, only one core is likely 
to be damaged and it is conceivable that a repair on 
one core only might be necessary, as against the necessity 
of cutting through the complete cable with other types 
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to discover the fault. In these circumstances it might 
be an advantage to have some form of marking either 
on one of the lead sheaths or on a filler worming 
for purposes of identification of the separate cores. 
In the comparative heating tests (test-group No. 3) 
the resistance method was found necessary to obtain 
the conductor temperature; this method is a tedious 
one and liable to inaccuracy unless the first read- 
ing is obtained within a few seconds of switching 
off the current. It is essential, where precision is 
required, to keep the heating current constant while 
tests are being taken, and this is usually done by 
having an alternative bridge circuit, arranged as in 
Fig. C, that is capable of passing the load current. 
The low-resistance arm should be made for a certain 
amount of adjustment, either by series-parallel arrange- 
ment or alteration in the number of metal bars, to 
accommodate varying lengths of cable with greater 
accuracy, and can be so set initially that the loading 
current remains unaltered when the bridge is in cir- 
cuit. This arrangement, when fixed on insulating 
stands and operated by remote handle controls, is 
suitable for superimposed voltage working. 
Mr. E. L. Davey (communicated) : Referring to 
test-group No. 3, it will be noticed that in the recorded 
results of Table 2 the outside surface temperatures of the 
S.L. and 3-core types of cable are exactly the same, viz. 
44.7? C. Since these two cables have the same overall 
diameter, the same nature of external surface, and 
were presumably laid in the same manner, and also 
since the loss in the S.L. cable admittedly exceeds the 
los in the 3-core type by the amount of the sheath 
losses, we must conclude that either there has been an 
experimental error in the determination of the tempera- 
tures, or the ground temperature in the S.L. test was 
lower than in the 3-core cable test. If we accept this 
latter explanation, to make the comparison fair we 
must add to the outer surface and conductor tempera- 
tures of the S.L. type cable this temperature difference 
and then take the external temperatures as being equal. 
Ássuming an external temperature of 20? C. and a total 
sheath loss 5 per cent of the conductor loss, this cor- 
rection would be 5 per cent of the recorded temperature- 
rise (24-7 deg. C.) of the outside surface above the ex- 
ternal temperature, viz. 0:05 x (44-7 — 20) = 1:2deg.C. 
This value can be roughly checked from the curves of 
Figs. 11 and 12. Adding this correction to the figures 
of Table 2 gives for the S.L. type cable a conductor 
temperature of 59-3? C. and an outside surface tempe- 
rature of 45-9? C. The increase of current-carrying 
capacity obtained by using the S.L. type cable instead 
of the ordinary 3-core type is still 12 per cent, assuming 
the unique case of the cables being laid in a thermally 
perfect conducting material, i.e. when there is no outer 
surface temperature-rise. If, however, the cables are 
laid in a material having a definite thermal conductance 
the comparison must be made on the basis of conductor 
temperature-rise with respect to the external tempera- 
ture of the material in which the cable is laid, and the 
thermal resistance of this material enters into account 
since the S.L. type has a larger loss to dissipate from 
its outer surface. The cables on this basis compare as 
follows: Using the recorded conductor temperatures 
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and a basic temperature of 20? C. the ratio of current- 
carrying capacities is  4/[(61:8 — 20)/(58-1 — 20)] 
= 4/(41:8/38:1) = 1-045 in favour of the S.L. type. 
Using the corrected values given above, i.e. assuming 
that the recorded outside surface temperatures were 
correct, and that the external temperature in the S.L. 
cable test was 1-2 deg. C. lower than in the 3-core test, 
the ratio is 4/(41-8/(38-1 + 1:2)] = 1-03, i.e. the 
S.L. type has only 3 per cent extra current-carrying | 
capacity. The point about the basis of comparison 
may be still further clarified by reference to Fig. D. 
Both cables dissipate equal amounts of heat from the 
conductors C to the outer surface S, and the 3-core 
type, having the larger internal thermal resistance, 
has a bigger temperature difference between C and S. 
However, with regard to the dissipation of heat from 
the outside of the cable it must be noticed that while 
the thermal resistances of the heat dissipation paths are 
exactly the same, the S.L. type has the extra sheath 
loss to dissipate, and hence its outer surface must be 
at a higher temperature for a given external temperature 
and this necessarily raises the absolute value of the 
conductor temperature. Thus the only rational basis 
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on which to compare the two types of cable is that of 
temperature-rise of the conductor above the external 
temperature of the material in which they are laid, 
and this material should have a definite thermal con- 
ductance. If we compare them on the basis of con- 
ductor temperature-rise with respect to outer cable 
surface, the S.L. type is better, but on the basis of 
temperature-rise of outer cable surface with respect to 
external temperature the 3-core type is better, and 
the real comparison, outlined above, is based on the 
net result of these effects. From a study of Figs. 
12 and 13 it can be seen that at a current of 250 
amperes the S.L. cable has a temperature difference of 
6 deg. C. and the 3-core cable a temperature difference 
of 18 deg. C. between conductor and sheath, i.e. the ratio 
of internal thermal resistances of the 3-core and S.L. 
types is 18/6 or 3, and not 1:3 as stated in the paper. 
Hence if laid in water (i.e. with no sheath temperature- 
rise) the ratio of current-carrying capacities for the 
same temperature-rise would be 4/(18/6) or 1-73, and 
not 1:14. In the advance copies of the paper* the 
author apparently compared the internal thermal 
resistances of the cable by taking the ratio of their 
conductor temperatures instead of the ratio of the con- 
ductor /emperature-rises above the sheaths. In this 
connection it is stated that the /emperature-rises of 
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the conductors at 250 amperes were 33 deg. C. and 
40 deg. C. respectively, but reference to Figs. 12 and 
13 shows that these were the conductor temperatures. 
Both sets of ordinates in these figures are clearly 
temperatures and not temperature-rises, since they 
vary roughly according to a square law from a datum 
ordinate of 20? C., while if they were rises they would 
vary according to a square law from a datum ordinate 
of 0°C. The figure of 3 deduced above for the ratio 
of the internal thermal resistances of the cables, and 
the dependent figure of 1-73 for the ratio of current- 
carrying capacity when laid in water are so great, and 
also so far removed from the values obtained in the 
comparison of Section 3, as to make the comparison 
tests in Section 4 unacceptable from the point of view 
of reliability. 

Mr. W. J. Jeffery (communicated) : We cable users 
have felt for some time past that in 33 000-volt 3-core 
cables we were not obtaining from the manufacturers 
in this country cables with a reasonable factor of 
safety; in fact, we could only expect a really suc- 
cessful installation if the conditions of laying, etc., 
were nearly ideal. The conditions under which cables 
are now being laid in large towns are getting more 


severe, which makes the outlook very unpromising 


unless cable makers give us a much improved cable 
for this voltage. From recent correspondence in the 
technical Press and from the present paper, it is evident 
that some manufacturers have realized the position. 
I agree generally with the early remarks in the paper 
as to the general lines on which improvement should be 
made, viz. the elimination of tangential stresses and the 
improvement in the internal heating conditions by the 
provision of a metallic sheath over the individual 
cores, and also detail improvements in the impregnation 
and the extraction of air to assist in the reduction or 
removal of ionization. I cannot agree, however, that 
the S.L. type offers the best solution if copper-tape 
whipping is used. This copper tape is put over the 
core insulation with a gap between the turns, this 
being necessary to enable satisfactory impregnation of 
the insulation to be obtained. Unfortunately, in 
these gaps there are deliberately introduced conditions 
suitable for the trapping of air and one would expect 
the cable to fail at this point. This is evidently what 
is happening in America, where one large company 
has recently abandoned the use of copper tape in favour 
of the metallized paper of the standard Hoóchstádter 
type because of trouble experienced by them in the 
gaps between turns. Also in the S.L. type cable the 
absence of the usual lead sheath overall has made it 
necessary to use steel-tape armour instead of the more 
usual steel-wire armour, thus making the cable weak 
longitudinally. This in its turn has forced the adoption 
of the reinforcing steel strands which, despite the 
mechanical tests shown on page 471 will, I think, prove 
to be a disadvantage in the cable. Their relatively 
small size will tend to damage the cable when con- 
siderable tension is applied. Lock-type armour could 
be used at some increased cost to overcome the dis- 
advantage of this construction. The second design of 
S.L. cable with pilot wires incorporated has several 
objections. Trouble will probably be experienced in 


the pilots due to inductive effects when there is a 
breakdown in the main cores, and, apart from inductive 
effects, there is a great probability of damage to the 
pilot cores when a breakdown occurs in the main cores. 
Those who have experience in the maintenance of 
main transmission cables know that there is nothing 
more irritating or likely to cause delay in the resumption 
of supplies after a failure than to have breakdowns on 
auxiliary cables, whether protective or control, at the 
same time as the failures on the main cable. I am 
given to understand that this pilot failure due to 
inductive effects is causing trouble in the Paris 60 000- 
volt scheme, and if it is argued that we are now only 
dealing with 33 000 volts it must be remembered that, 
if successful, the cable now under discussion will 
undoubtedly be used for pressures much higher than 
33 000 volts. It is interesting to note that many of 
the cable makers on the Continent who have adopted 
the Hóchstádter type of cable with metallized paper 
for 30000 volts and above are recommending its use 
for all pressures above 20 000 and some for pressures 
below 20 000. 

Mr. T. R. Scott (communicated) : From the absence 
of data regarding dielectric losses and in fact all 
dielectric characteristics other than tangential stresses 
in plain 3-core cables, it appears that the author 
considers that all types of metal-sheathed cores are 
equally effective in providing security from  break- 
down. Such an assumption is scarcely justifi- 
able in view of the inherent differences of structure 
in the various types. Such differences in struc- 
ture must result in varied reactions to service 
conditions. The resultant characteristics are matters 
of primary importance in determining the efficiency of 
the type; current-carrying capacity, etc., are of 
secondary importance. It can be shown mathemati- 
cally and experimentally that complete security from 
tangential surface effects can only be achieved by 
enclosing the cores in a sheath which is continuous 
and also firmly adherent to the body of the insulation 
under all conditions. From actual experiment it 
appears that these ideal conditions are more closely 
approximated to by the  metallized-paper sheath, 
mentioned on page 470, than by a wrapping of copper 
strip or by a metallized worming. Even if the total 
elimination of surface effects be assumed there still 
remains the problem of voids or gaseous spaces formed 
in the core insulation after a heating and cooling cycle. 
Elaborate precautions are taken to avoid these spaces 
in certain well-known single-core systems, for example 
the 132 000-volt system recently laid in Chicago, where 
high stresses are employed. The S.L. cable is equivalent 
to a single-core system without such precautions. At 
33 000 volts very high stresses are unnecessary, but 
the presence of such spaces must detract from security 
and must reduce the factor of safety. Consideration 
of the notable absence of ionization in certain “ H” 
type cables under very high stresses and after severe 
heating and cooling cycles points to the presence of 
some factor in this type of cable which, scientifically 
developed and controlled, may tend to eliminate such 
spaces. In the S.L. type each core is self-contained 
and voids or gaseous spaces must occur within the 
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metal screen. In the “H” type cable there is free 
passage of compound between the worming areas and 
the core insulation. Experimental investigation shows 
that with scientific design directed towards the control 
of the physical forces acting in the cable, the voids of 
the core insulation may be filled up from the reservoir 
of the wormings. The “ H” type cable so designed 
must have a much higher factor of safety than its 
single-core prototype working at the same stress. 
The inclusion of the wormings will not facilitate the 
passage of oil downhill to any marked extent. The 
author’s claim (page 471) on this count disregards the 
presence in both cases of the copper strands which 
provide paths of lower resistance than either core 
insulation or worming, and which may be considered 
the main arteries of such flow as occurs. In view of 
these facts it is somewhat difficult to admit the author’s 
claim in the summary (page 469), namely, that the 
S.L. type is very much sounder electrically than other 
systems of multi-core super-tension cable. 

Mr. J. Whitcher (communicated): I consider that 
the most practical interest in this paper lies in the 
development of ''isolated-phase cables," which is the 
name I should prefer to give them. The principle of 


phase isolation, the importance of which is acknowledged 


in most other spheres of high-tension work, is now to 
fnd recognition in the cable world. The ordinary 
3-core cable may be pictured as three foci of great 
potential energy set in a matrix of insulation which is 
under great stress between them and yet, to the 
mechanical eye, is without reinforcement. There is no 
other barrier in this material of poor stability to heat ; 
and, given only a thread line of weakness, the con- 
centration of active energy along the short path between 
a pair of cores can become enormous and highly explo- 
sive in its effect. We know, however, from experience 
that the energy absorbed in “ cracking ” the oil and 
cellulose in the path of the discharge may be so appre- 
ciable that a cable fault is often developed and cleared 
quite quietly with small destruction at the fault, in 
Spite of the energy released. For instance, we may 
find that there must have been a minimum flow of 
500 amperes at 20 000 volts for 0-1 sec. along a path 
possibly $ in. long, but probably more devious, without 
leaving much trace of its passage. We deduce the 
energy developed from our knowledge of protective 
gear settings and the least time required for a switch to 
clear after receiving the relay signal. The minimum 
heat generated would be about 1 000 B.Th.U., and it is 
taken up in the products of dissociation which scatter 
into the interstices of the paper. Yet on other occa- 
sions under similar conditions the breakdown may be 
explosive. Two recent explosions in cable boxes on 
a 11 000-volt system indicate how present the explosive 
risk is. As engineers we must give thought to the 
elimination of that risk and we know it can be achieved 
in great measure by phase isolation. In both those 
cases phase isolation would have greatly mitigated 
the mischief: it would probably have prevented the 
existence of the defects. The weak point in a cable 
box is where the cores begin to separate, so that effective 
phase isolation cannot be secured unless it extends 
into the cable, ie. it must be put there during the 


manufacture of the cable. If there is a mechanically 
strong, continuous, conducting boundary between the 
cores, there is no chance of the initial line of weakness 
developing right across or of the fault releasing 
energy at the other cores. At all events if there 
is no resistance at all between the neutral of the 
three-phase system and the sheath, the explosive 
energy is halved. Actually it is under more 
effective control, and, moreover, the sheathing gives 
magnificent aid to the sure and instantaneous detection 
and cutting out of the faulty cable. In view of these 
advantages engineers will not object to the extra 
sheath losses, if they can get such cables supplied 
under the full responsibility of the cable manufacturers, 
and at a reasonable cost. The author shows that the 
sheath losses are so small, and the heat-dissipating 
quality of the finished cable so good, that even if his 
test-results are a little optimistic there is small reason 
to worry. The cable efficiency is not sensibly impaired ; 
and it is well to have this useful fact emphasized. 
Impetus will be given to the use of single-core lead- 
covered cables, properly grouped, for a number of 
purposes. Some 15 years ago I had occasion to con- 
sider some long lengths of heavy-current 5 500-volt 
three-phase connections in Birmingham. I decided 
that the safest method was to assemble the groups of 
single-core lead-covered cable in triangular formation 
in cast metal clamps so that the sheaths were nearly 
touching and were bonded together by every clamp. 
The results were good and the fears of excessive heating 
unfounded. It should be observed that when the lead 
sheaths are brought close together in this way that 
part of the cylinder between the cores is an effective 
return path for the currents induced in the parts where 
the induced voltage is greatest. There is therefore 
small tendency for current to circulate across the bonds 
into the other sheaths. The fear of induced voltages 
building up along the lengths of the sheaths is ground- 
less. The idea of wire-rope reinforcement is a happy 
one, and that of incorporated pilots yet more so. 
The risks of pilots failing simultaneously with the cable 
fault are not serious. Paradoxical as it may seem, 
feeder protective gear is much more concerned with 
keeping sound feeders in than in cutting a faulty feeder 
out, therefore a feeder cable with a self-contained 
pilot which is not a separate risk in itself is of some 
advantage. The reinforcing cores could be utilized 
for putting earth current capacity into the cable. 
Years ago, on a large feeder scheme in the North, 
alarm was caused by an official ruling that the sheath 
resistance of a cable laid in public streets should not 
exceed that of one of the cores. The difficulty was 
overcome by undertaking to bond together all the 
sheaths of parallel feeders at frequent intervals. If 
the same problem reappeared now, one would advise 
the use of S.L. cables with copper reinforcing cores, as 
a more practical solution than the heavy double-wire 
armouring which was imminent then. I should welcome 
the application of the isolated-phase cable to inter- 
mediate distribution, and even to low-tension distribu- 
tion where good earthing current capacity should be 
made compulsory. It is essential, of course, that the 
intersheaths of isolated-phase cables shall be of sub- 
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stantial low-resistance character, and my appreciation 
from the practical point of view does not apply to any 
other. I hope we shall drop in this case our habit of 
giving an alien tag to our engineering developments. 
We have been acquainted for many years with sheathed- 
core cables and with their advantages, so that the term 
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"H tvpe" should be strictly confined to the form 
(metallized-paper sheath) for which some novelty can 
be claimed. 


[The author's reply to this discussion will be found on 
page 495.) 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 24 JANUARY, 1927.* 


Mr. R. W. Gregory: Both Col. Mercier and Mr. 
Dunsheath are advocates of the single-phase cable for 
high-voltage working. The experience in this district 
so far has shown that the 66 000-volt single-phase 
cable is satisfactory, and one would hesitate to depart 
from using single-phase cables without further know- 
ledge of the reliability of 3-core cables at this voltage, 
and very definite technical and commercial advantages. 
With regard to 33 000-volt cables, it appears that the 
major troubles on cables working at this voltage have 
occurred on those with the larger sections of copper 
and after carrying load. The 0-05 and 0-1 sq. in. 3-core, 
belted type cables have worked successfully for many 
years, but 0-25 sq. in. 3-core cables appear to have 
given considerable trouble, particularly when they have 
been called upon to carry full load. From this it is 
quite possible to suspect that the origin of the troubles 
on 33 000-volt 3-core cables is thermo-mechanical. 
In the belted type of 3-core cable it is safe to assume that 
a void or space without compound between the cores 
is dangerous. Most of the breakdowns on 33 000-volt 
cables have, I believe, been between phases, and it may 
be that voids between the insulated cores are the cause 
of the trouble. With the 3-core, lead-covered, high- 
voltage cable it is certainly necessary to discourage 
the formation of voids, and it does appear that voids 
are a function of the diameter of the lead tube and of 
the temperature-rise of the conductors. It is generally 
agreed that in any thoroughly impregnated and well- 
built lead-covered cable that has carried load there must 
of necessity be a void caused by the permanent stretching 
of the lead due to the expansion of the cable material 
inside the lead. The volume of this void is propor- 
tional to the teniperature-rise to which the cable has 
been subjected and to the square of the diameter of 
the lead tube. "Voids may also be caused by the stretch- 
ing of the lead tube due to handling and to bending, 
and these voids are more likely to occur in large-diameter 
tubes than in small-diameter tubes. Another possible 
cause of voids is the parting of the cores due to the ex- 
pansion of the conductors when carrying load. Assuming, 
therefore, that D — diameter of the lead tube of the 
cable, and T = temperature-rise through which the 
cable may work, then it will be seen that :— 


(a) The voids caused by expansion and cooling of 
the cable vary in volume as T D2. 

(b) The voids which may be caused by the handling 
of the cable are functions of the strength of 
the lead tube, i.e. they vary as D. 

(c) The expansion stresses of the conductor vary 


* The paper by Col. E. Mercier entitled “ Notes on the 60 000-volt Under- 
ground Network of the Union d'Electricité"' (see page 499), was also discussed 
at this mecting. 


directly as T, and the mechanical effects of 
these expansion stresses vary as the diameter 
of the conductor, which is a function of the 
diameter of the lead tube, i.e. they vary as D. 

(d) The volume of the ''fillers" in a 3-core cable 
(and fillers are generally considered to be 
troublesome) varies as the section of the con- 
ductor, which is a function of D. 


It therefore appears that :— - 


(1) The higher the temperature to which a cable is 
subjected the more chance there is of the 
formation of voids. 

(2) The larger the diameter of the cable the more 
chance there is of the formation of voids, in 
fact the expansion voids (a) vary as the square 
of the diameter. 


It is quite possible that the reliability of a 3-core 
high-voltage cable varies inversely as T'D?, and that on 
a range of 3-core cables of similar design but with 
conductors varying in section from 0-05 and 0:3 sq. 
in. the allowable temperature-rise should vary inversely 
as D? in accordance with the formula TD? = K. Of 
course there are so many variables in the make-up of 
the 3-core cable that one does not like to lay down a 
definite law, but having in mind the danger of “ voids " 
it does not seem right to specify a constant allowable 
temperature-rise through a range of sizes of 3-core 
cables. In other words, for equal reliability a 0-25 sq. in. 
3-core belted-type cable should not be allowed to work 
at the same higher temperatures as a similar 0-065 sq. in. 
cable. The S.L. cable described by Mr. Dunsheath 
appears to be much less subject to temperature voids 
at the normal temperature-rises than 3-core belted tvpe 
cables, as the lead diameter is smaller, the volume of 
insulation is less, and there are no “‘ fillers.” 

Mr. P. B. Addison: That a 60 000-volt under- 
ground cable network has been successfully operated 
for a period of four years in the Paris district indicates 
a very important advance. The chief trouble appears 
to have been experienced with the joints. There should 
be no difficulty in designing a joint on a single-core 
cable that will stand a working pressure of 60 000 volts. 
No trouble due to joint failure has been experienced 
on the North-East Coast system with either 66 000-volt 
single-core or 3-core cables. The joints described by 
Col. Mercier are of a very simple design and I think 
the chief cause of their failure may have been the 
insulating methods and materials used. Col. Mercier 
states that experiments are being carried out by in- 
sulating the joint with impregnated paper with compound 
used merely for mechanical protection, and I think 
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this will overcome the trouble. On the North-East 
Coast similar troubles were experienced in the initial 
stages of 20 000-volt cable working, but no trouble was 
experienced after the joints were insulated. There 
appears to be a fairly unanimous opinion that single- 
core cables are the only ones at present satisfactory 
for 60 000-volt working. Three-core cables have not 
proved quite satisfactory owing to the reasons given 
on page 470, and also to the fact that the repairing of 
breakdowns is very costly. It is suggested that under 
certain conditions the use of single-core cables may 
interfere with telegraph and telephone circuits; unless 
great care is exercised in the laying, the danger may 
become a very real one. Col. Mercier states that in 
the case of sudden discharges, by which I suppose is 
meant the cable tripping out on a fault, the telephone 
cables become charged to a relatively high potential, 
the instruments being connected through 1/1 trans- 
formers designed to withstand a pressure of 60 000 volts 
between windings. I should like to ask whether any 
special precaution is taken to protect the telephone 
cable itself by dissipating these induced pressures. The 
special generator made for the gradual application of 
pressure is a useful piece of apparatus for breaking 
down high-resistance faults. Faults on these high- 
pressure cables invariably require the application of 
pressure to break down the fault resistance before 
they can be located, and the apparatus described by 
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Col. Mercier might be useful for this purpose. For 
the purpose of stepping-up and decreasing the pressure 
in steps it appears unnecessary. 20 000-volt and 
66 000-volt cables are being switched in and out on the — 
North-East Coast system without any apparent damage 
being done to the cables. What kind of faults develop 
in the joints of Col. Mercier's cables; are they simple 
earth faults, or does he find the insulation resistance so 
high as to require the application of breakdown pressure 
before a location test can be made ? 

Mr. Dunsheath's separately lead-covered cable would 
appear to be a very difficult cable to lay, particularly 
through congested streets where all kinds of obstructions 
in the nature of pipes are met with, and it is doubtful 
whether the difficulty of bending will be an advantage 
in this matter. Single-core cables, being less difficult 
to handle, might be made in longer lengths with a 
consequent saving in the number of joints. It is 
probably correct to assume that there is less likelihood 
of interference with external telegraph and telephone cir- 
cuits with this type of cable. Can the phases of the cable 
be identified if the armouring is opened between joints ? 

Mr. C. Vernier also took part in the discussion. 
The substance of his remarks will be found on page 510 
in connection with the discussion on Col. Mercier's paper 
before the Institution. 


(Mr. Dunsheath's reply to this discussion will be found 
on page 495 and Colonel's Mercier's reply on page 515.] 


SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 16 FEBRUARY, 1927. 


Mr. J. M. Hollander: The author has certainly 
made out a good case for the S.L. type of cable, but 
I am rather more interested in the practical side of 
this discussion than in the application of formule. 
First of all, approximately how much of this type of 
cable has been laid ? Has it ever failed in service, and 
is one justified by actual results in citing it as a solu- 
tion of the 33 000-volt cable problem? I agree that 
the tests given in the paper show that the S.L. type of 
cable compares very favourably with both the “H” 
and '' belted " types, but can we say that such tests on 
lengths varying from 10 yards to 100 yards constitute a 
fair comparison under working conditions ? With the 
belted type we know the behaviour of lengths of over 
20 miles, but can the author assume from the tests he 
has made that the “ H " or S.L. types would compare 
equally favourably ? With reference to cable failures 
due to ionization in probable air pockets, since the 
critical voltage seems to be about 29 000 would it not 
be possible to apply the principle of ''intersheath 
grading " to cables of the S.L. type so as to limit the 
potential stress across the inner insulating layers to a 
safe value of about 16 000 volts per cm? If this could 
be done without added expense it would seem to offer 
a solution to the problem of ionization in air pockets 
and the deleterious action on the compound and paper by 
the ozone produced. A previous speaker has remarked 
that seemingly unaccountable failures occur in apparently 
perfect lengths of cable. I suggest that if there are 
any pin-holes in the lead sheathing they would in 
course of time produce a failure, and that the failure 


he had in mind may have been due to this cause. 
I agree with the author that much damage can be 
suffered by large-diameter cables during laying. How- 
ever carefully a gang of men be trained, there is inevit- 
able “ snatching ” at each pull Does the author 
think that the reinforcing strands offer complete immu- 
nity from the effects of careless handling? It seems 
to me that if the reinforcing strands could be fixed on 
the outside of the cable instead of within the body of 
the cable, so that the strain of the pulling could be 
entirely taken by the reinforcing strands, the risk of 
damage would be greatly minimized. Finally I should 
like to ask whether, if a 33-kV cable breaks down at 
any point due to any cause, other parts of the route 
or system are weakened thereby. In a paper read before 


' this Centre a short time ago by Mr. A. R. Cooper 


on the ' Track Equipment of the Underground Rail- 
ways of London '* it was stated that if a fault 
occurred at one point on the system, others often 
occurred simultaneously at remote points on the system. 
Could this happen with an e.h.t. cable? That is to say, 
if another fault did not actually occur at the time, 
would not the cable be liable to be weakened at other 
points, with the consequent risk of further breakdowns ? 

Major A. M. Taylor: I have been informed that 
an account of the paper has appeared in the German 
technical Press, and that the matter was simply dis- 
missed with the remark that of course, the cables being 
single-core, the ionization loss was not got rid of (or 
words to that effect). It has been asserted that the 


* Journal 1.E.E. 1927, vol. 65, p. 389. 
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curve connecting power factor with voltage is not a 
horizontal line in a single-core cable, but that it turns 
up slowly after reaching a certain voltage, and that it 
does not do this in the case of an “ H " cable. I have 
prepared curves based upon published tests on the two 
types of cables to show that this is not the case, and 
that the divergence between the two curves is so 
slight as to be practically negligible. At 10 000 volts 
(to sheath) the “ H " cable has a power factor of about 
0-008 and the Gennevilliers cable a power factor of 
0-0094, or 174 per cent more. At 19 000 volts between 
core and sheath the figures are: “H” type 0-008, 
Gennevilliers type 0:0098, or 22} per cent greater. 
At 35000 volts the figures are:— H” type 0-0086, 
Gennevilliers type 0-0106, or 234 per cent greater. 
At 19 000 volts there is therefore a difference of only 
5 per cent, or of 0-00040 actual power factor, between 
the two results, and I believe that this is really 
not worth while troubling about, provided that there 
are other advantages to be obtained by the use 
of the S.L. type of cable. It must, however, be 


surface of the lead and does not, therefore, tend to 
distort the core, since the pressure is distributed. In 
the S.L. type the armour bears only on one edge of 
the single lead sheath, and it must therefore tend to 
distort the sheath, squeezing it into an oval shape, 
with the formation of voids in the working dielectric. 
The author has evidently recognized this, since he 
finds it necessary to reinforce the core bv a copper tape. 
In the second place, any heating of the compound on 
load must expand the lead sheath of any type of cable 
which is fully impregnated in the first instance. On 
cooling, voids are formed by the contraction of the 
compound, since the lead sheath is plastic and remains : 
distended. In the “ H " type these voids are formed, 
mainly in the fillings between cores where they are not 
subject to stress, and they are therefore harmless. 
This is not a matter of conjecture, but has been proved 
by experimental work which it is hoped to publish at 
a later date. In the S.L. type any voids formed must 
be in the working dielectric round the cores where they 
are subject to stress. A void in the core mav lead to 


TABLE A. 
Calculated 
Author's experiments 
Cramp Corrected value 

Fig. 5. 160 amps. at l-in. spacing 0-7 1:05 1-05 volts per single sheath 

160 amps. at 6-in. spacing is 1:83 1:95 1:95 volts per single sheath 
Fig. 6. 160 amps. at l-in. spacing oe 10 + 2 = 12 22:5 + 2 = 24:5 * | 30 watts per single sheath 
Fig. 8. 300 amps. .. T - ys 0-68 2°15 1-95 volts per loop 
Fig. 9. 300 amps. .. "T m T 7:05 22.3 23 amperes 
Fig. 10. 300 amps. .. T E .. | 224+4=6-2 24+ 4 = 28 30 watts per single sheath 


* Circuit loss + eddy loss. 


made clear that in the putting together of the three 
S.L. cores no damage is done to the paper bv any 
tendency to twist the lead sheath with reference to the 
copper core. Still more important, perhaps, is it that 
there should be no bending of the single lead-sheathed 
cables while they are in their unprotected state before 
assembling, in which condition they are very easily 
bent. I have reason to believe that cracks in the paper 


due to bending may not manifest themselves in any: 


way at the time of testing the cable, as shown by the 
power-factor curve, but it would seem that they may 
nevertheless be a source of weakness later on. 

Mr. T. N. Riley : The author has referred to the 
"relative merits" of the S.L. and non-S.L. metal- 
sheathed-core cables, but has only given what he claims 
to be the advantages of the S.L. type and has altogether 
omitted the advantages of the non-S.L. tvpe. To 
have only one side of the picture presented in a matter 
like this rather shakes one's faith in the impartiality 
of other evidence quoted in the paper. While one must 
agree that the S.L. type of construction makes a good 
cable, there are certain points in which the “ H " type 
has definite advantages. In the first place, the armour 
of the “ H " type cable bears uniformly over the whole 


tangential leakage currents and ultimate breakdown in 
the manner suggested bv the author himself in a pre- 
vious paper.* Therefore, while I agree that either 
“H” type or S.L. cables are superior to the belted 
type, the '' H " type possesses two important advantages, 
(1) that the mechanical strain due to the armour is 
less severe, and (2) that voids are less likely to be 
formed in the working dielectric. The author has 
drawn attention to the disagreement between his 
measured sheath losses and voltages and those calcu- 
lated from Prof. Cramp's formule. It has been pointed 


out by one of my staff—Mr. Webb—in the London dis- 


cussion that the assumption on which Prof. Cramp 
bases his sheath-voltage and sheath-circuit loss for- 
mule is not in accordance with experiment, and that 
the quantity whose logarithm appears in the formule 
should be 1/K and not (1 — K)/K. Mr. D. M. Simon 
drew attention to the doubtful nature of this assump- 
tion in the discussion t on Prof. Cramp's paper. The 
present author does not make it very clear which 
curves deal with a complete loop and which with a 
single sheath, but I think he intends Figs. 5, 6 and 10 


* Journal I.E.E., 1926, vol. 64, p. 212. 
t Ibid., 1925, vol. 63, p. 690 
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to refer to single-sheath values while Fig. 8 refers to 
the loop. On this basis Table A shows the comparative 
values obtained by the author and calculated by the 
corrected and uncorrected formule. It is quite clear 
from this that, with the corrected formule, results are 
obtained in close agreement with experiment for any 
practical spacing and that the calculations apply to 
both single-phase cables and three-phase cables with 
delta spacing. The error involved in the formule given 
by Prof. Cramp is greatest for small spacings—i.e. for 
cases such as the author's S.L. cable—and becomes 
smaller as the spacing of the cores is increased. 

Mr. G. M. Harvey : The portion of the paper which 
naturally interests me most is that dealing with armoured 
cables. The curve in Fig. 16 for “ sheath and armour 
loss," after deducting the corresponding '' sheath loss," 
agrees fairly closely with the figures obtained by Mr. 
Busby and myself when experimenting with armoured 
vulcanized-bitumen cables. Our curve is, in fact, 
parallel to the author's curve but slightly lower, pro- 
bably due to the fact that the volume of iron in the 
armouring differed in the two experiments. I should 
be interested to know whether the curve of ''copper 
loss in conductor " in Fig. 16 is derived from observa- 
tions obtained by passing direct current through the 
conductor or calculated from the current and the 
standard value of the resistance of a conductor of this 
size. In our case we found that the loss measured by 
wattmeter with direct current applied was considerably 
greater than the calculated I?R loss, and this was 
traced to the fact that, in spite of all precautions, the 
resistance of the connecting joints in the main conductor 
circuit was equal to that of the cable itself. We were 
working with even shorter lengths of cable than those 
used by the author. 

Mr. W. Wilson : It isa special feature in the policy 
of electric supply undertakings in this country to attain 
the highest possible standard of continuity of service ; 
and it is because the author has made a valuable contri- 
bution towards this end that I consider his paper a very 
welcome one. There is a point in connection with the 
location of pilot wires in the composite cable forming 
Fig. 2 which I should like to raise. It seems to me that 
although this design solves in a very neat manner the 
problem of the disposal of the pilots without using up 
valuable space, nevertheless the location is not a perfect 
one, in that the pilots would appear to be too close to 
the main cores for reliability, having in view the effect 
of induction from the main cable upon the protective 
gear. In considering this matter, the worst condition 
that may occur has to be borne in mind and provided 
against; and this is the presence of an earth fault 
beyond the line which is protected, for example in a 
motor upon a consumer's premises. The result of such 
a fault would be a very heavy current through one 
core only of the cable, which would return through the 
earth. Where the pilot wires are as close to the main 
cores as shown in Fig. 2, there is a certainty of inductive 
action between them, and this is especially likely to 
cause trouble when the pilot wires themselves are at 
'unequal distances from the core carrying the heavy 
current. The result of this single-phase “ through 
fault " would be the introduction of a far from negligible 


greater than is commonly supposed. 


current in the three pilot wires, which would probably 
cause an unnecessary shut-down. I should be glad if 
the author would comment upon this, and state the 
actual or probable results of using such a cable as shown 
in the figure. There is another matter concerned with 
the application of protective gear about which I should 
like to ask a question. The speed of development of 
a fault is a very important detail when a protective 
installation is designed to afford the maximum of pro- 
tection by isolating the faulty section at the earliest 
possible moment, which is achieved by arranging for 
the most sensitive possible setting of the relay. The 
trouble arising from a breakdown of insulation may be 
very much restricted if its isolation can be effected 
before the fault has developed into a complete short- 
circuit, since not only will the actual damage to the 
faulty cable itself be greatly reduced, but the whole 
system of which this cable forms a part will be saved 
the surge and general shock that would be caused by 
the short-cireuit. In the early days of protection this 
form of gear was chiefly applied in mining districts, 
where breakdowns are caused in the great majority of 
cases by mining subsidences. Such mechanical faults 
must of necessity come on suddenly, and it is of practi- 
cally no consequence whether the protective gear be 
made sensitive or not. In the case of electrical faults, 
however, it is known that the faults grow gradually. 
The author gives an instance of this when he mentions 
a fault that became a short-circuit a year after the 
cable was installed, implying that it had been slowly 
growing during the whole time the cable was in service. 
From his description of the origin of faults, these would 
appear to be first of all cavities in the insulation, pro- 
duced by an undue amount of bending during laying, 
by faulty manufacture, or by overloading or over- 
stressing. Ionization takes place in the air in the 
cavity, and the insulation is chemically attacked, with 
the result that an actual leakage begins after a lapse 
of months or even years. The final increase of the 
current from a small value of, say, 5 per cent of 
normal, to short-circuit conditions, is naturally very 
much quicker than the growth in the early stages; 
but if the period between these two values is as much 
as 0-2 sec. it is possible for correctly designed pro- 
tective gear, capable of operating at the former low 
value of leak, to enable the trip gear of the circuit 
breaker to race the development of the fault and 
interrupt the circuit before it has reached serious pro- 
portions. Data with regard to the growth of cable 
faults are very scarce, and I hope that the author will 
be able to give us some information on this point. It 
seems to have been generally assumed that owing to the 
great amount of power let loose at a fault, the destruction 
of the insulation is instantaneous. It would appear, 
however, that this is not necessarily the case, as, firstly, 
the fault current does not pursue a straight path from 
core to sheath, but usually seems to make its way 
round successive layers of paper in a very zigzag and 
devious fashion ; while secondly, the amount of power 
required to heat and vaporize oil, not to speak of the 
destructive distillation of the paper, is very much 
It therefore seems 
certain that a finite. time is actually at our disposal 
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during which we can trip the breakers, enabling a 
sufficiently sensitive relay to localize the trouble to a 
very valuable extent. 

Prof. W. Cramp: This paper is a most practical, 
direct and important contribution to the literature of 
h.t. cables with metal sheaths. Some light is thrown 
upon the Hochstaédter and Dunsheath theories of cable 
breakdown by my experience in the making up of 
condensers and ozonizers. I have had frequent failures, 
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value of the constant in the fourth is right if the loss is 
per 100 yards of cable; but if it is intended to be per 
100 yards “ run" the constant should be 7-4 instead 
of 3-7. With the logarithms in these two instances I 
shall deal presently. The value of the sheath circuit 
loss and voltage in three-phase arrangements like those 
of test-groups (2) and (4) is interesting. It is clear that 
the e.m.f. induced per unit length of each sheath varies 
around the sheath and must be the cause of eddies. 


TABLE A (see Fig. 5). 


Current 160 amperes. 


Spacing 
2 in 3 in 4in 5 in 6 in 
E.M.F. using log 1/K sa 1:272 1:477 1:643 1:785 1-907 
E.M.F. using log (1 — Eis 1-008 1:272 1:477 1-643 1:785 
Test-result ; : 1-243 1-423 1-563 1-635 1-963 


after months of working, quite analogous to those which 
at present are troubling cable makers ; and upon taking 
the apparatus to pieces I always found evidence of air 
pockets. These pockets showed also clear signs of local 
overheating, due to a brush discharge across the air, and 
of pronounced oxidation, due to the formation of ozone 
by the discharge. It is in this triple effect that the 
ionization mentioned by the author is so mischievous. 
A conducting path is provided, local heating and ozone 


Referring to the three cables of Fig. 5, for instance, the 
e.m.f. around a circuit in the plane of the centre lines 
of any pair is hardly affected by the current in the 
third and can be estimated. But for any other plane 
this would not be true, and the calculation, as the 
author says, is very awkward. However, if we deal 
with the e.m.f. in the one easy plane, the value should 
be half that for a pair of single-phase cables carrying 
the same R.M.S. current, because the R.M.S. value of 


TABLE B (see Fig. 8). 


50 periods. 
Current, in amperes 
100 150 208 255 3:10 
E.M.F. using log 1/K 0-3409 0-5113 0-7091 0- 8692 1-023 
Test-result 0-75 1-05 l-1 1-55 1-95 
Ratio: actual/calculated 2-2 2-04 1:55 1-79 1-9 


are produced and the insulation breaks down at the 
pocket. In referring to the one practical disadvantage 
of S.L. cable, the author minimizes perhaps the serious- 
ness of an increase in cable capacity. In other places 
I have already referred to this trouble.* It is hardly 
too much to say that the one limit to the use of e.h.t. 
long-distance underground cables is the difficulty of 
dealing with the capacity currents, and any change in 
manufacture aggravating this characteristic must be 
treated seriously. The author has made some kindly 
references to my work upon the losses in cable sheaths, 
and on page 472 he has reduced to a useful form four 
of my formule. I have checked these expressions and 
agree that the first two are quite correct. The third 
is also right unless the logarithm is questioned. The 


* Journcl I.E.E., 1925, vol, 63, p. 383; and World Power, 1926, vol. 5, No. 26. 


cos Ü + cos [0 + (27/3)] is one-half of the R.M.S. 
value of 2cos 0. Thus this e.m.f. should be 
1:32 1—K 
Ot ani —— I log 1o K 
Now I have been criticized in the United States by 
Prof. Dwight and others, for this logarithm, which, it 
is alleged, should be log,)1/K; I am therefore par- 
ticularly glad to have the independent experiments of 
the author to test the two expressions, and, since it is 
not possible to read his curves accurately, he has been 
good enough to send me his actual figures. Beginning 
then with the e.m.f. values for test-group (2), and using 
the approximate equation just developed, I have worked 
out the results given in Table A, 
These figures suggest that log(1— 


K)/K gives too lcw 
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a result, especially when the spacing is small; but 
that log 1/K gives generally too high a value. In 
neither case is the agreement satisfactory, but the test 
is not a good one because of the empirical nature of 
the formula. It is only included here because it is the 
best series of figures in the paper so far as variable 
spacing is concerned; and the three-phase system is 
very important. In test-group (4) another set of figures 
for three phases occurs in which current is the variable. 
Unfortunately, the cable is armoured, so that agreement 


who uphold the value log l/K appear to overlook. 
Will they not agree that as the sheaths come into 
contact the e.m.f. between them must approach zero ; 
and that if it were possible for one sheath to penetrate 
the other the e.m.f. in part of it would reverse? Now 
contact occurs when K = 0-5, and then logy, (1 — K)/K 
is zero, but log,, 1/K has the large value of 0:3. Unfor- 
tunately this contention cannot be tested on the author’s 
results, because of an anomaly which shows that neither 
formula for the e.m.f. is quite correct. For according 


TABLE C (see Fig. 17). 


Spacing 2-1 in. centres. 


Current, in amperes 150 
E.M.F. using log 1/K . a 1-889 
E.M.F. using log (1 — KK . 1-192 
Test-result ; T 1-2 


is not to be expected, but the calculations serve to 
indicate that the armour may more than double the 
circuit e.m.f. 

Since log (1— K)/K would show still larger discrepancies, 
the results are not given. It will be noticed that the 
ratio (actual value/calculated value) is not constant, but 
the figures are such as might follow from the ordinary 
variations in the value of u. Still analysing the e.m.f. 
results, we pass on to test-group (60). This is a single- 
phase arrangement, and is the only example in the 
paper suitable for a test case, since the conditions are 


200 250 300 
2:519 3:149 3:779 
1-59 1-986 2-384 
1:5 1:8 2:2 


to both, the relationship between the current (J) and 
e.m.f. (E) should be a straight line for a given spacing. 
Now, omitting the armoured cables, it is clear from 
Fig. 17 that the lines are not straight but on the con- 
trary d?E[d]? is negative for each spacing. The 
decreasing slope of Fig. 5 is, of course, expected. Thus 
it seems that the e.m.f. formule can only be approxi- 
mations. I cannot see the reason for this. We turn 
now to the losses in test-group (6). Here I should like 
to call attention to the second formula which I gave,* 
since it is rather more accurate than that quoted by 


TABLE D (see Fig. 17). 


Spacing 6 in. centres. 


Current, in amperes 150 
E.M.F. using log 1/K T P - 3-7 
E.M.F. using log (1 — ae d P 3-488 
Test-result i T g 2.8 


very like those which I originally postulated, and both 
current and spacing appear as variables. It is at once 
apparent from Figs. 16 and 17 that the presence of the 
armour increases enormously both the circuit loss and 
the circuit voltage. I shall confine myself to the plain 
lead figures, of which the author remarks that '' calcu- 
lations based on the formule give values considerably 
lower than those plotted.” 

The figures in Tables C and D speak for themselves. 
In both cases the values using log (1 — K)/K are much 
nearer than those obtained from log ]/K ; and the 
errors due to the latter in Table C are very large indeed. 
I think we must conclude that for the single-phase 
arrangement, log (1 — K)/K is more correct for e.m.f. 
calculations, and that the errors evident in the small 
Spacings in Table A are simply due to modifications in the 
conditions introduced by the three-phase arrangement. 
There is one important theoretical point which those 


200 250 300 
4:933 6-166 1:399 
4-65 5-813 7:399 
4:3 5-8 1:38 


the author. Though the difference is very small in 
these instances, I have used it in the calculations that 
follow. When it is put into Mr. Dunsheath's practical 
form it becomes :— 


7:818 “( ] — Ey 
Loss in watts peri 100 rS K 
100 yards run J 1— K\? 1-053 
8-36 (logie =p) + age 


Here r is the mean sheath radius in inches and S its 
thickness in inches, and allowance must be made in the 
total loss for the radial and circumferential components. 
The logarithm, of course, is again in question, and 
Tables E and F correspond to Tables C and D. 

Thus for all currents in the power equation, when 
the cables are close together log 1/K gives far better 
results. But when the spacing is increased, log (1 — K)/K 

* Journal [.E.E., 1925, vol. 63, p. 379, eqn. (3). 
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is better. Now since the latter also gives the correct 
e.m.f., it follows that the power loss, as measured, must 


consist of two terms, one proportional to the square 
of the circuit e.m.f., and the other probably independent 
thereof but not independent of the spacing. It can 
therefore only arise from a loss like that due to the 
radial component of the field.* But the radial loss 
was calculated in the paper quoted on the assumption 
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better results at the 6 in. spacing. We are entitled, I 
think, to draw the following conclusions from this 
analysis of single-phase cable sheath losses :— 


(1) The correct value in the circuit e.m.f. formula is 
log (1 — K)/K, not log 1/K. If the latter be used 
a correction must be made for the voltage-drop 
produced by the sheath eddies. 


TABLE E, 


Spacing 2:1 in. centres (Fig. 16). 


Current, in amperes T R P5 150 
(1) Loss using log 1/K - s a 23-76 
(2) xd using log (1 — da ae - 9.5 
(3) No. (2) corrected . F T ij 23 
(4) Test- result i 2 ix Se 28 


200 250 300 
42-24 66 95 
16-9 26-39 38 
42 65 94 
44 60 144 


that there was no bond forming a sheath circuit. 
Directly the sheaths are bonded together, the conditions 
change, and currents which formerly could circulate 
only in one sheath have an alternative and easier 
path along the other. The field between the sheaths 
accentuates this change, tending to cause the whole 
current to flow along the outer arcs of the sheaths only. 
When the sheaths touch there is practically no current 
along the line of contact, and generally the power loss 
due to the radial field is increased more than fourfold 


(27 When the space between the sheaths exceeds 
about twice the cable diameter (i.e. K< 1), the 
power loss is also more correctly given by 
log (1 — K)/K. 

(3) When the sheaths are very close (ie. K>4<}), 
the power loss is more nearly given by log 1/K, 
but it must then be held to include the loss 
due to the radial field. 

(4) None of the formule is strictly correct, since all 
give a straight-line relation between e.m.f. in 


TABLE F. 


Spacing 6 


in. centres (Fig. 16). 


Current, in amperes .. pa m id 150 
Loss using log ljK  .. 89-35 
Loss using log (1 — K)/K ind 79-66 
Test-result T js T ss 2s 72 


by the bond. The amount of the increase is trouble- 
some to calculate, but, in the notation of my previous 
papers, it is approximately :— 


[2 
Lamps fog 


(_ 1+ K? + 2K cos 0)? 
1012 ( 
0 


IX K®?— 2K cos 6) % watts per 
cm run 


a 


When the cables are very close together, an approxi- 
mate figure per 100 yards run, with S and r in inches 
and f = 50,is P, = Sr1?/100. Item (3) in Table E 
gives the losses corrected in this way. The similarity 
between them and the figures in the first line is striking, 
but it simply means that in the limit when the cables 
are in contact the two formule give the same result. 
As- the distance between the cables increases, my 
. corrected value for the power falls off much more 
rapidly than the log 1/K expression, and therefore gives 

* See Journal I. E.E., 1923, vol. 61, pp. 479 and 480, 


200 250 300 
158-8 248.1 357-4 
141-6 221-2 318-5 
108 205 304 


the sheath and current in the cable, while the 
tests do not. 

(5) Armouring an S.L. cable increases the losses and 
the circuit e.m.f. very considerably. 


There is one further point to which I would refer. 
The author concludes that the use of single-core 
armoured cables is impracticable for a.c. transmission. 
This appears to be a direct contradiction of my con- 
clusion on page 383, vol. 63 of the Journal. The dis- 
crepancy, however, is explained by the fact that the 
author is thinking of 33 000 volts, while I was writing 
of four times this pressure. I entirely agree with his 
general conclusions. 

Dr. C. C. Garrard: With regard to the use of 
single-core lead-covered cables, the Wiring Rules Com- 
mittee laid down some time ago that for alternating 
currents such cables could be used only for very small 
currents. A little over a year ago when I was in the 
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United States I found that single-core lead-covered 
cables at 60 periods were used for much larger currents 
than I had hitherto thought possible. As far as I can 
see from the figures given by the author, single-core 
lead-covered cables at 50 periods can be used fairly 
indiscriminately, or at any rate at least up to 1-5 sq. in. 
cross-section. Can the author confirm this? I also 
noticed when in the United States that practically all 
stations having cables at about 33 000 volts had installed 
complete testing equipments. Change-over switches of 
various types were employed so that at periodical 


intervals the cables could be connected to the test bar 
and tested with direct current, which was usually 
generated by a vacuum-tube device. I understood 
that this procedure resulted in greater continuity of 
service. I believe I am correct in saying that in this 
country such special testing plant in central stations is 
not common, and I should like to know whether the 
author would recommend such an installation, and 
whether he thinks the extra capital expense involved in 
including such testing equipment as part of the power 
station plant is justified. 


THE AUTHOR’S REPLY TO THE DISCUSSIONS AT LONDON, NEWCASTLE AND BIRMINGHAM. 


Mr. P. Dunsheath (in reply): As is natural, the 
discussion on this paper groups itself largely round two 
principal questions, dielectric problems in paper cables 
and sheath effects under alternating conditions. Mr. 
Beaver, who opened the London discussion, after criticiz- 
ing me for not attacking the problem of preventing the 
occlusion of air and gas in a cable recapitulated many 
well-known, but none the less important, factors affecting 
the quality of a paper insulation and ultimately decided 
in favour of the old type of belted 3-core cable for 33 000 
volts in preference to the metal-sheathed-core type. 
I am entirely in agreement with Mr. Beaver on the 
importance of complete elimination of air and moisture, 
but I feel that this subject is ratber outside the title 
of the present paper and certainly I do not feel that a 
reference to some 33 000-volt cables not having failed 
after 34 years under load without any details of con- 
ductor size or insulation thickness is very strong evidence 
to advauce in opposition to my general conclusions. 
Further, in view of the uncertainty of the magnitude 
of the maximum stress in a plain 3-core cable and the 
absence of evidence of any connection between maximum 
stress and the failures which have occurred on this 
type of cable, I think the later conclusions of this speaker 
also require further support before acceptance. 

Major Taylor's comments on Figs. 11 and 12 are 
answered in the original wording of the paper (see head 
of col. 1, page 476). The only conclusion drawn by 
me from a comparison of these two curves is that the 
heating effect of the sheath losses is negligible. Con- 
sidering the order of accuracy possible with this type of 
research, well known to those who have worked in the 
same field, it will be seen that there is no discrepancy 
as suggested. The main argument of this section is 
connected with Fig. 13 and is fully appreciated by 
Major Taylor. The reason the lead-covered cables 
were laid 4 in. apart in test-group (6) was to allow of 
a strict comparison with the plain lead and armoured 
lengths. When these armoured lengths were touching 
one another their lead sheaths were this distance apart. 
The latter part of Major Taylor’s remarks dealing with 
sheath losses are covered by Prof. Cramp’s contribution 
to the discussion. 

I have no first-hand data on the thermal properties 

| of beltless 3-core cable that could be offered as a reply 
` to Mr. Melsom. I agree with him that the belted type 
probably has a higher thermal resistance than the un- 
belted one, but do not agree that the question is of very 


great interest as the unbelted 3-core cable if not provided 
with conducting sheaths of some form over the cores 
has many of the grave disadvantages of the plain 3-core 
cable mentioned in the paper and is subject to more than 
one of the influences tending to long-time failure in 
service. The comparison at the foot of page 473 objected 
to by Mr. Melsom was intentionally made on a basis 
of negligible thermal resistance as such a condition is 
easily convertible to any other type of surroundings if 
the thermal resistance of the ground, etc., is known. In 
reply to Mr. Melsom's last query the cables in test- 
group (3) were tested with single-phase current, the 
cores being connected in series. 

Mr. Riley, while agreeing with me entirely on the 
merits of metal-sheathed-core cables, raises important 
points in the comparison of the S.L. and “ H ” types. 
In the first place, he considers that the laying up of the 
three cores will introduce voids. Experience in manu- 
facture shows that this is not so. I have made power- 
factor/voltage tests in cores before and after laying 
up, and there is no perceptible difference in the values 
up to twice the working voltage of the cable. This is 
a very definite and important conclusion. Neither is 
there any distortion of the lead sheatbs due to the 
pressure of the armouring. The wormings are by no 
means soft as suggested by Mr. Riley and provide all 
the support called for. In any case, the proof of the 
matter lies in the fact that sections cut from the centre 
of an S.L. cable after manufacture show no evidence of 
distortion such as is suggested. In reply to Mr. Riley's 
comments on Fig. 15, where he considers that the differ- 
ence of temperature between the various types may be 
within the margin of experimental error, I would point 
out that the conclusions in the paper are entirely sup- 
ported by five different sets of readings plotted in 
Fig. 15 and taken independently at intervals of several 
days. On the question of flow of oil, I think Mr. Riley 
overlooks the operation of surface tension when he queries 
the merits of the S.L. cable in hilly country. Oil will 
certainly flow more easily down a worming in a non-S.L. 
cable than down the tightly-lapped core papers of the 
S.L. type. As regards the point about mechanical 
support of the lead, raised by Mr. Riley, Mr. Gregory 
has shown in his contribution to the discussion at 
Newcastle what an enormous advantage it is to keep 
down the lead-sheath diameter to the minimum value. 
This factor fully compensates for the absence of armour- 
ing support all round the lead and, after all, single-core 
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cables have given good service in Paris for many years 
at double the working voltage which is under discussion 
here and they have no armouring at all. Mr. Riley’s 
conclusions on the reason for the reinforcing strands 
are incorrect ; they are not made necessary by the type 
of cable. S.L. cable can be either tape- or wire- 
armoured ; if wire-armoured then nothing more is 
necessary, but, owing to the nature of the construction, 
a cable of smaller overall diameter and equivalent 
strength can be produced by tape armouring and applying 
the reinforcing strands in the spaces available for them. 
A non-S.L. cable cannot, of course, be given longitudinal 
strength if tape-armoured to keep down diameter, as 
the spaces between the cores are also within the insula- 
tion. The armouring wire used in the “H” cable 
depicted in Fig. 14 was 0-128 in.—I agree with Mr. 
Riley that this is quite large enough for a cable of this 
diameter. 

Nothing is called for in reply to Mr. Webb's comments, 
but I would refer him to the remarks of Prof. Cramp, 
who deals with most of the points raised. 

I can reassure Mr. Raphael on the point he raises. 
Under no conceivable fault condition can the lead sheath 
be melted from one core of the S.L. cable. An actual 
series of tests shows that a fault current of 10 000 
amperes would only result in a momentary sheath 
current of about 500 amperes, whereas a current of 
about 35 000 amperes would be required to fuse one of 
the core sheaths in 0-2 sec. If the whole of the 10 000 
amperes flowed along one core sheath the temperature- 
rise in the same period would be only about 60 deg. C. 

In reply to Mr. Rushton's first point, I cannot give 
any reliable data on the lines he suggests, but I do not 
see any reason why an open copper helix around the 
conductor should act as a very efficient magnetic screen. 
His second point is answered by the fact that the plain 
3-core cables referred to in test-groups (4) and (5) are 
entirely different cables manufactured at different times 
to different dimensions. The comparison of Figs. 13 and 
15, therefore, is not legitimate. 

In reply to Mr. Allen, I am inclined to think that the 
importance of voids immediately under the lead sheath 
due to expansion of oil in the cable has been over- 
emphasized. The critical point is not under the lead, 
where temperatures and stresses are low and where 
contact surfaces are convex on concave, but between 
the cores where both stress and temperature are high 
and contact surfaces are convex on convex. I quite 
agree with Mr. Allen that we want an improved test 
for cable quality, but I feel that the one he suggests, if 
applied to every drum length, would make super-tension 
cable an expensive luxury, and if not applied to every 
drum length would fail to ensure security. 

On the question of interference with external tele- 
graph and telephone conductors I am interested to have 
Mr. Bartholomew's valuable comments on the merits 
of the S.L. cable from this point of view. 

In commenting on the mechanical tests Mr. Beavis 
considers that I have been unfair toward the “ H ” 
type cable in the comparison. It is not my intention 
to rob the " H " cable of any of its claims as I appreciate 
them fully, but in this particular connection Mr. Beavis 
may have seen a photograph of an “ H ” cable after a 
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bending test, which has been recently circulated for 
publicity purposes. The crumpled-up condition of 
the lead shown in that picture would make me nervous 
of the cores underneath for such high voltages as are 
under consideration, whereas this particular test was 
less severe than that quoted in the paper, through which 
a cable of the S.L. type passed with no apparent distor- 
tion. I am very glad to have Mr. Beavis's generous 
confirmation of my general conclusions on the relative 
thermal properties of the S.L. and “ H ” type cables. 
This independent check is most useful, as are also his 
observations on temperature distribution over the 
section in the various types of cable, jointing features, 
heating arrangement during test, etc. 

Mr. Davey has subjected the figures given in Table 2 
of my test-group (3) to a searching examination and 
theoretically his small correction for ground temperature 
is justified. It leaves the main issue for relative thermal 
properties of S.L. and plain 3-core cable unaffected, 
however, as after correction the advantage is still with 
the S.L. type. On the question of the effect of the 
thermal resistance of the heat path external to the cable, 
I admit that if this is overwhelming compared with the 
thermal resistance of the cable itself, then any advantage 
which the S.L. cable has from this point of view is re- 
duced and in an extreme case may be reversed. This 
remote contingency, however, is of small practical im- 
portance in considering the merits of the type, and by 
no means justifies the employment of the belted 3-core 
cable as Mr. Davey seems to suggest. I am very 
much indebted to him for pointing out a slip which 
appeared in the advance copies of the paper. He 
shows that the advantages of the cooling in the S.L. 
cable are very much greater than claimed in the original 
draft of the paper, and I have now amended the 
figures in the text in accordance with his suggestion. 
In comparing the results of Figs. 12 and 13 with those 
of Section 3, I am afraid he has overlooked the fact 
that quite different cables are under consideration. 
The results in test-group (3) were obtained in tests on 
two 66-kV cables, while those in Figs. 12 and 13 are 
for 33-kV cables. Naturally any comparison of the two 
is liable to be misleading. 

Mr. Jeffery deals principally with the employment 
of copper tape whipping under the lead sheaths in the 
S.L. cable and with the question of reinforcing strands. 
Both these points are subsidiary to the main question 
at issue as S.L. cables can be made without either of 
these two features. His objections to the tape whipping 
are not borne out by my experience, and, as regards the 
employment of a steel-tape armouring and reinforcing 
strand, this is mot necessitated by the use of separately 
lead-covered cores. As already explained in reply to 
Mr. Riley, S.L. cables can be either tape- or wire- 
armoured, but under certain conditions the use of tape 
armouring and reinforcing strands has advantages. As 
to the objections raised by Mr. Jeffery to the employment 
of the pilot cables in the scores of the S.L. cables, I think 
the disadvantage quoted can be largely overcome where, 
as is frequently the case, two cables are run in parallel, 
the pilots in one cable then serving the other. Mr. 
Whitcher's observations on this question are very much 
to the point. 
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Mr. Scott evidently needs no conversion to the metal- 
sheathed-core idea, but raises some points on the re- 
lative merits of the S.L. and ‘‘H’”’ types. He contends 
that a construction employing metallized paper produces 
improved inherent dielectric properties, but I am not 
aware of any published data which give in a straight- 
forward comparison the relative merits of a single-core 
lead-covered cable (the equivalent for this purpose of 
the S.L. cable) and one with a metallized paper under 
the lead. There are, of course, plenty of data comparing 
metallized 3-core cables with plain 3-core cables, but 
that is a different proposition and, as I have pointed 
out in the paper, beyond discussion. I see no reason 
why the S.L. cable should have dielectric properties 
in any way inferior to those obtained on a metallized 
paper cable, and in this connection Major Taylor’s re- 
marks at Birmingham are relevant. He shows that 
the power-factor/voltage curves for S.L. and “H” 
cables are so nearly alike as to make any difference 
negligible. On the question of draining properties, 
the statement in the paper was not made as a casual 
observation but was based on actual tests. When a 
3-core cable is hung up and drained, most of the com- 
pound comes from the worming and not down the con- 
ductor. Consequently the S.L. cable has undoubted 
advantages for use on inclines ; the inclusion of wormings 
does facilitate draining, besides increasing the volume 
of compound and effective force on the sheath under 
a head of oil. 

Mr. Whitcher’s observations on the nature of break- 
down in 3-core cables, the separation of phases and the 
possible extension of the use of S.L. cables, are interesting 
and certainly support the views expressed in the paper. 

Mr. Gregory has made a valuable contribution to 
the subject of high-voltage cables in his analysis of the 
conditions affecting expansion of lead. So far as I 
know this is the first time that an attempt has been 
made to correlate cable dimensions and liability to 
the formation of voids, and it is very interesting to see 
that reduction in lead-tube diameter acts so beneficially. 
It certainly forms, as Mr. Gregory points out, still 
one more argument in favour of the S.L. type of 
construction. 

Mr. Addison’s comments on the laying of S.L. and 
single-core cables in congested streets are replied to in 
answer to several other speakers. The great point to 
remember in this connection is that the laying of single- 
core cables is a question not only of getting the cables 
into position close together but of placing the trough. 
The worming of an S.L. cable in between pipes and 
other obstructions is a very much simpler proposition 
than excavating for and constructing a line of troughing 
to carry single-core cables. | 

Mr. Hollander puts forward a series of decidedly 
pertinent questions which, however, call for brief 
replies only. A length of S.L. cable made by the firm 
with which I am connected was made and put on a 
44-kV system six years ago and, so far as I am aware, 
is still giving satisfaction. An installation of about 50 
miles is also in operation outside Leningrad on 35 kV, 
and quite a number of installations are at present under 
construction in this country for similar voltages. There 
is every reason to believe that the deductions made 


in the paper on the results of tests on experimental 
lengths are of equal application to longer lengths. The 
question of grading high-voltage cables is a thorny one 
and my view is that at present there are surer and more 
direct methods of improving cable quality than by 


.having recourse to such an uncertain operation as 


grading. Pinholes in the lead, I agree, will cause failure, 
but cannot be saddled with all the blame for what has 
happened in the past. The presence of reinforcing 
strands will certainly reduce the effects of careless 
handling, but Mr. Hollander's suggestion to apply them 
outside would not be verv practical, as the coiling on a 
drum would be so difficult. When a breakdown occurs 
on an e.h.t. cable system there is undoubtedly risk of 
pressure-rises which may result in a weakening of the 
system elsewhere. 

Mr. Riley (in the Birmingham discussion) complains 
that I have only given the advantages of the S.L. 
type and have ignored the disadvantages. An obvious 
reply to this charge is that the disadvantages, even 
when diligently sought, are of little moment. I have 
dealt with them in my replv to Mr. Riley's London 
remarks and to those of Mr. Jeffery. Mr. Riley's 
confirmation of sheath-effect test-results is very gratify- 
ing and is closely connected with the contributions 
to the discussion made by Prof. Cramp and Mr. Harvey. 
The point raised by the latter speaker was taken account 
of in the tests by a careful consideration of the actual 
resistances in the conductor circuit during the test. 

In reply to Dr. Garrard I think it is agreed to-day 
that single-core lead-covered cables can be used on a.c. 
circuits up to quite large cross-sections. A 1-0-in. 
single-core low-tension cable, for instance, assembled 
with the sheaths in contact has a sheath loss of about 
D per cent of the copper loss, while at 3 in. spacing the 
loss is of the order of 50 per cent of the copper loss, 
quite a possible figure on short runs in stations. On 
the larger sizes the question of convenience enters and 
this factor would result in a larger number of smaller 
cables being preferable. As regards routine high- 
voltage testing on laid cable, I should say that there is 
little evidence in favour of incurring the expense of 
installing such equipment on a cable system. The 
necessity is problematical and, moreover, it is not 
altogether certain that such testing does not introduce 
weaknesses which it is desired to avoid. 

Mr. Wilson's contention that through out-of-balance 
currents in an S.L. cable provided with pilots in the 
scores would operate the trips must be admitted, but 
as the presence of such an unbalance current would 
call for operation of the gear it would not seem to be 
a very serious objection. I very much regret that I 
have no data on the rate of growth of cable faults, but 
Ifeel that Mr. Wilson's deduction that cable breakdowns 
happen slowly would require more evidence than is 
at present available. Certainly the typical 33-kV 
3-core cable failure may take 12 months to develop, 
but I presume that the actual failure at the last is very 
sudden. 

Prof. Cramp's full and valuable contribution to the 
discussion calls for little reply. As a result of his re- 
marks I have been able to amplify the description 
of the results in places to remove any possible ambiguity. 
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The formule for sheath circuit loss on page 472, for 
instance, as given in the advance copies of the paper 
appeared to be in error due to the loss having been 
given in watts per 100 yards of cable. The formula 
as now printed is brought into line with the others, 
giving the value per 100 yards of cable loop. Prof. 
Cramp refers to the statement in the paper (col. 1, 
page 477) that calculations based on the formule give 
values considerably lower than those obtained in the 
tests and plotted, and shows in his Tables C and D 
that the calculated values of induced voltage do not 


depart radically from the test-results given in the 
paper. In making the statement quoted, however, I 
had in mind losses and not induced voltage. The 
figures under comparison are shown clearly in lines 
2 and 4 of Prof. Cramp's Table E. The point is satis- 
factorily cleared up by the modification to the radial 
loss formula which he suggests in his remarks on Tables 
E and F. I should like to place on record my hearty 
appreciation of Prof. Cramp's thorough analysis of my 
results. The general agreement and approval by such 
an authority on this subject is particularly gratifying. 
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NOTES ON THE 60000-VOLT UNDERGROUND NETWORK OF THE UNION 
D’ELECTRICITE. 


By CoLoNEL E. MERCIER. 


(Paper first received 19th November, and in final form 30th December, 1925; read before THE INSTITUTION 16th December, 
1926, also before the NoRTH-EASTERN CENTRE 24th January, before the NORTH-MIDLAND CENTRE 22nd February, 
and before the NoRTH-WESTERN CENTRE 22nd March, 1927.) 


SUMMARY. 


This paper contains a description of the 60 000-volt under- 
ground cable network which has been successfully operated 
in the Paris district by the Union d'Électricité for the past 
four years. The reasons why single-core cables were adopted 
for the distribution system are explained, and a number of 
details are given in regard to the construction of the cables, 
the method of laying, and the operating conditions, both 
electrical and thermal. 
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stations will shortly be connected to the hydro-electric 
station which is under construction at Eguzon on the 
River Creuse and in which 40 000 kW is being installed. 

The network forms a ring round the city of Paris 
(see Fig. 1), and has been designed with a view to 
supplying at a limited number of points large amounts 
of power ranging from 15 000 to 50 000 kVA. The power 
stations being at distances of something like 30 km 
from the feeding points, it was necessary to adopt 
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Fic. 1.—Map showing routes of 60 000-volt lines of the Union d'Électricité. 


GENERAL. 

The distribution network of the Union d'Électricité 
which has been in operation since April, 1922, is at 
present supplied by the new steam-driven station of 
Gennevilliers (capacity 360 000 kVA), and the old steam- 
driven station of Vitry, which has been completely 
modernized (present capacity 80 000 kVA). These two 


high-tension transmission ; but on account of the Paris 
suburban districts through which the transmission 
passes being entirely built over, the use of overhead 
lines was out of the question, so that the power company 
had to adopt the highest voltage possible with under- 
ground cables. The voltage chosen was 60 000, the 
frequency being 50. It should be borne in mind that 


500 


at the time when this voltage was selected it was every- 
where considered by engineers to be extremely high, 
and it was only adopted after very careful laboratory 
researches extending over a period of two years. 

The network has been in operation for over three 
years, and at present comprises 220 km of three-phase 
feeders (equivalent to 660 km of single cables) and 
more than 2500 junction boxes. In winter, nearly 
2 million kWh is transmitted daily under conditions 
which are now quite satisfactory from the point of view 
of reliability. 


REASONS FOR THE CHOICE OF SINGLE CABLES. 


At the time when it was decided to lay the first 
feeders three-core cables with equipotential surfaces (the 
advantages and disadvantages of which as compared 
with single cables will be discussed later) were not avail- 
able. The company had therefore to choose between 
armoured three-core cables of the ordinary type, and 
lead-sheathed single cables. After a series of tests, 
which in themselves proved of great interest, the idea 
of using three-core cables was abandoned because they 
did not provide a sufficient margin of safety or an 
adequate overload capacity. The reasons were as 
follows :— 

(a) The electric field in a three-core cable being rotary, 
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Fic. 2.—Curves showing the relation between 
dielectric loss and voltage. 


at certain instants the electric lines of force are tangential 
or parallel to the layers of the paper insulation, and it 
can be conceived that the lengths of their paths through 
any bubbles of air which may be occluded between 
the layers of paper may be sufficient to atfect the electric 
strength appreciably. Moreover, the construction of 
three-core cables, no matter how carefully carried out, 
always involves a heterogeneous region from which it 
is impossible to remove all air and which becomes a 
partial conductor when the air is ionized. Confirmation 
of this is obtained if the dielectric losses of a cable of 
this type are determined. 

In the above respect single cables are much to be 
preferred to three-core cables; for, in place of the 
rotating field traversing the heterogeneous layers of 
the three-core cable, we have in the single cable a radial 
alternating field at right angles to the layers of paper. 
If an attempt were made to design a 60 000-volt three- 
core cable having a potential gradient less than the 
critical gradient for ionization (i.e. about 3 700 volts 
per mm) the size would be prohibitive. 

(b) Again, if the problem be examined from the point 
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of view of temperature-rise, the conclusion will quickly 
be reached that the ordinary three-core cable is decidedly 
inferior to single cables of the same cross-section. The 
heat produced in the copper conductors of a three-core 
cable cannot be dissipated towards the centre and, 
consequently, only a small part of the surface of each 
conductor is effective for conducting the heat away. 


Temperature-rise, in degrees C. 


00 
Current, in amperes 


Fic. 3.—Curve showing the temperature-rise of à 
60 000-volt cable as a function of the current. 


Experience has shown that this method of consider- 
ing the problem is correct and that the current-carrying 
capacity of a 60 000-volt three-core cable is much too 
low to justify its use in practice. 


THE SINGLE CABLES OF THE UNION D'ÉLECTRICITÉ. 


The principal dimensions of the single cables employed 
are as follows : 


Sectional area of copper conductor = 150 mm?. 
Thickness of dielectric = 14mm. 
Thickness of lead sheath = 2-5 mm. 


This cable cannot, of course, be protected by an iron 
tape as in the case of three-core cables, as the energy 
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Fic. 4.—lleating curve of a 60 000-volt single cable. 


losses in the armouring would be excessive. The cable 
is made in 250-metre lengths, and the maximum potential 
gradient of the dielectric is about 4 250 volts per mm at 
the normal voltage. 

Fig. 2 shows for such a cable the dielectric losses as 


| a function of the potential difference between the copper 


THE UNION D’ELECTRICITE. 501 


NWXVS 
Ke 


Be, 


0277777277 72722772 27727277 TL b A 


* 
> 
c» 
Wes 


iA Solder 


ooo 
- 
- 
- m 


e 
Pre 
ZI 
re. 
pL PLI BN D V. 
ææ PT 7 € 2 .— Ó])] | | | | | l b  —rm 
uL 


^". 
595" IZ | || 14  . . — |. | | A ]1]|| | o * | |j 3X3 — ^"—"aurrw 
of RERS, 
- fees 
C i €... | | — 14d  .— | | |  |—1 |  ) | 9 | ^ | | "eum 
-- 
- 
- e 


q—TT€eTtee—e prp ee mn a a m 
s 


' f ^4 Ps 4 D 0 ,K. / ^ x Es 
LÀ , G e L 
' s , Pd , , e , 4 ^ , sR- NEM. 
NUR EPA EP d n NUS RET, h PS pe eng pe aes 


^- 
== 
Da 
Idan 
== 
= 
~ 
= 


-m ee ——Á—ÁÁ— ewww 
=_—_-~ -æ 
= pu 
eo ~ 


- 
~ 
* ~ 


- 
"e œ 
-- - 
- 
- 
- = 
- 
-æ 
- 
T 
- 
- ae 
- 
-—— 7 


[^ dil" aic c" di Ed 
dcm OTI. 


LI 
- 
- 
= 
- 
- 
=- 
~ 
- 
-~ a A 
- 
= 
- 
- 
- 
- 
= 
- 
~ 


=< 
—- 
- 
= 
—— 
- 
— 
- 
- 
- 
-— 
-æ 


Soare ae RR 
é 

y fat md Pd Z£— AL. +~- 

pa E Semen? ENEE fla aie GE RE ere. : 


- 
- = 
- 
--—. 
- 
- 
- 
- 
- 
- 
- 


- = 
-- 
- 4 
= 


-- 
== - 
I>- A ee we ee ee eM we ee ee ew 


Tinfoil 


, Soldered 2L 
ing-wires QV Po n 


deeded ddd 
x 


OLD I1 1-1 OLLULLLLLLLLULLLLLLZLZLLZLL MMM 


jk- ----160 ---- 


Fic. 6.—New type (Jeumont) of 60 000-volt junction box with replaced insulation. 
Vor. 65. 33 


502 


MERCIER: NOTES ON THE 60000-VOLT UNDERGROUND NETWORK OF 


and the lead. The curve is very nearly a straight line 
up to the maximum voltage (about 20 000 volts) used 
in the test, and shows that the ionization stage has not 
yet been reached. 

The normal working voltage being 60 000/4/3, i.e. 
34 600 volts, it is evident that, as far as the dielectric 
is concerned, the cable is operating under excellent 
conditions. 

A comparison of the two curves also shows that at 
the normal working temperature of the cable the dielectric 
losses are smaller than when the cable is cold. This 
result alone shows that the working temperature of the 
cable is below 45? C. We know, indeed, that for a given 
voltage the dielectric losses at first decrease slowly as 
the temperature rises, are a minimum at 40? C., and 
then rise rapidly with the temperature. At 45? C. they 
have about the same value as at 15? C. 


LOSSES IN LEAD SHEATH. 


In addition to the losses in the dielectric and the 
I?R copper losses, there are in single cables energy 
losses due to currents induced in the lead sheath. These 
currents are of two kinds : 

(1) Eddy currents induced circumferentially in the 
lead sheath by the magnetic field of the cable. The 
resistance of the circuit in which these currents flow 
-does not exeeed 1 microhm per km length of cable. 

(2) Circulating currents which are induced by the 
magnetic field set up by the current in the conductor 
and which flow to earth at each junction box. In 
order to reduce appreciably the circulating currents it 
is necessary to decrease the resultant magnetic field of 
the currents in the three conductors and, for this pur- 
pose, to bring all the cables as close together as possible. 
The three single cables comprising a feeder should 
therefore be arranged at the corners of an equilateral 
triangle. 

A number of tests which we have made on different 
feeders show that the increase in the line losses due 
to eddy currents and circulating currents is equivalent 
to about 10 per cent of the copper losses. On the other 
hand, the loss due to wattless current is decreased in 
the same proportion. 

At one stage it was under consideration to reduce the 
above losses by making use of various ingenious devices 
such as those proposed by Mr. Capdeville, but the 
complication thereby introduced did not seem justified 
by the very slight improvement which would have 
resulted. 


CURRENT DENSITY. 


Numerous tests have been made to ascertain the 
temperature-rise of the copper conductor relatively 
to the soil, with the cables laid under normal conditions. 
Fig. 3 shows the working temperature of one cable 
as a function of the current. It will be seen that with 
300 amperes, i.e. a current density of 2 amperes per mm?, 
the temperature-rise does not reach 26 degrees C., so 
that even if it is assumed that the temperature of the 
soil may be as high as 18? C., the temperature of the 
cable will not reach 45°C. From numerous investiga- 
tions it would also appear that the temperature of the 
dielectric of these cables does not exceed 50? C. in these 


conditions. We may therefore regard 300 amperes 
as the normal rating of these cables, so that their carrying 
capacity is 31 000 kVA. 

It has also been possible to calculate temperature- 
rise curves as a function of the time (Fig. 4) and in that 
way determine the overload capacity of the cables. 

Assuming the temperature of the soil to be 10°C., 
it is found that a cable having a normal carrying capacity 
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Fic. 7.—End box for 60 000-volt single-core cable. 


of 300 amperes can carry 600 amperes for 15 minutes 
without its temperature exceeding 50? C. 


JUNCTION BOXES. 


The junction boxes (Fig. 5) must of course be made 
of a metal having non-magnetic properties, and, for 
reasons of convenience and economy, lead has been 
chosen. Each box is soldered to the sheath of each 
cable entering it, thus ensuring not only complete 
watertightness but also continuity of the lead. They 
are filled with compound in the same way as ordinary 
joint boxes, but their dimensions are such that the 
potential gradient across the dielectric is lower than 
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that required for ionization. Each box is earthed to 
a copper tube 50 mm in diameter and 1 metre in length 
driven into the soil. 

In practice these boxes have been found to be the 
least reliable part of the circuit, and although break- 
downs in the cables themselves have been completely 
eliminated, the same cannot be said of the junction 
boxes. The number of breakdowns is really very 
small in comparison with the number of junction boxes 
installed, but the company have nevertheless been 
experimenting for some time with a new type of box 
in which the joint is insulated with impregnated paper, 
the compound serving merely as a mechanical protection 
(Fig. 6). These boxes have not been in use sufficiently 
long to enable a definite opinion to be formed of their 
reliability. 

Fig. 7 shows a terminal box of the ordinary type. 


1 E 


Method of assembly 


Elevation 


These troughs, which are of reinforced concrete, are 
U-shaped (Fig. 8). The cables automaticaly arrange 
themselves so that the lines joining their centres form 
an equilateral triangle, and they are covered with sand 
in order to dissipate the heat more effectively, In 
laying the cable, which is done manually in the majority 
of positions, it is necessary, in order to prevent the cable 
from being damaged, to take care that it is subjected to a 
steady pull. In awkward positions, however, recourse 
has to be had to mechanical means, the cable being 
suspended from a steel carrier cable which is pulled by 
means of a winch. 

Where the cable has to pass round a very sharp bend, 
steps are taken to ensure that the radius of curvature 
is not less than 1 metre and to strain as short a length 
of cable as possible, junction boxes being installed, if 
necessary, at the start and finish of the sharp bend. 
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Fic. 8.—Trough for 60 000-volt three-phase feeder. 


TESTING OF CABLES. 


Before any cable is laid, the following pressure tests 
between the copper conductor and the lead are carried 
out at the maker's works :— 


(1) Twice the working pressure, 
for 1 hour. 

(2) Three times the working pressure, i.e. approxi- 
mately 110 000 volts, for 5 minutes. 


The frequency of the supply pressure is 50 in each 
test. 

We do not specify tests for dielectric losses, as we are 
of opinion that although such tests are of value to the 
manufacturer for ensuring uniformity in his cables, or 
for carrying out special researches, they are not yet 
a sufficient criterion to estimate the quality of a cable. 
For instance, they would not reveal a weak spot in the 
dielectric. 


i.e. 70000 volts, 


CABLE LAYING. 
As it 1s not possible, for the reasons already indicated, 
to provide single cables with an iron sheath, they are 
rather liable to be damaged and, for that reason, must 


be placed in troughs to give them mechanical protection. . 


The junction boxes are protected by brickwork 
as shown in Fig. 9. 


THREE-PHASE CABLES WITH EQUIPOTENTIAL SURFACES. 

As an experiment, the Union d'Électricité is at 
present laying a few lengths of 60 000-volt three- 
core cable of a new type. Over the three cores 
of the cable is wrapped a layer of metallic paper 
which constitutes an electrostatic screen throughout 
the whole length of the cable. A lead sheath encloses 
the whole and is itself protected by iron armouring 
in the usual way. The cross-section of each conductor 
is 150 mm? and the overall diameter of the cable is 
108 mm. ; 

From the electrical point of view the cable operates 
under the same conditions as single cables with a radial 
field and an equivalent potential gradient. Tests 
have shown that, from the thermal point of view, as 
a result of its high thermal conductivity, the metallic 
paper provides a sufficient path for dissipating the heat 
generated in the centre of the cable, and that with this 
new type of cable the same current densities can be 
employed as in single cables. It has, moreover, the 
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advantage over single cables of being less liable to 
injury and of rendering it unnecessary to use special 
troughs. In addition, the extra losses due to currents 


in the lead sheath are completely eliminated. 
On the other hand, this type of cable has several 
In the first place, even after allowing 


disadvantages. 


subi cabieR 
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they are essential, but in ordinary working we prefer 
to increase and decrease the pressure in steps, and íor 
this purpose we use a special alternator, which will 
be referred to later. 

In the case of a sudden discharge of the cables, the 
telephone cables laid in the same trench become charged 


: 


k---1000mm- - - 


2 Xx 
" Pilot wires 


Fic. 9.—Brickwork chamber for lead junction box on 150 mm? 60 000-volt cable. 


for the troughs and the laying, it is more expensive 
than single cables, and the interest on the extra capital 
outlay is greater than the cost of the additional losses 
with single cables. 

Another serious drawback is the junction boxes, 
which are cumbersome, expensive and complicated. 
In particular, the repairing of a fault, which involves 
the dismantling and rebuilding of two junction boxes, 
puts the cable out of operation for a considerable time, 
a feature which is very inconvenient in the operation 
of a supply undertaking. 


PRESSURE-RISES AND SURGES. 


Several investigations of pressure-rises and surges 
affecting the working of the system have been carried 
out and the results have already been published.* 

The wave-form of the turbo-alternators at Genne- 
villiers and Vitry is almost sinusoidal, and any tendency 
of the harmonics to become serious would be taken care 
of by the magnetic saturation of the step-up and step- 
down transformers. 

Apart from this, our investigations have shown that 
the risk of pressure-rises due to resonance of the har- 
monics in the wave-forms of the alternators can be 
entirely disregarded, notwithstanding the verv un- 
favourable conditions which exist in the system. 

We have also carried out investigations on the surges 
which accompany the sudden switching in and out of 
cables. These investigations have proved that the 
sudden application of pressure causes a surge which in 
the most unfavourable case may reach twice the normal 
pressure, whilst the sudden disconnection of a cable 
may subject it to three times the working pressure. 

We do not hesitate to carry out these operations when 


* J. FALLOU: Étude Expérimentale des Surtensions effectuée sur le Réseau de 
l'Union d'Électricité,"" Con struction et Exploitation des Grands Réseaux Electriques 
à Haute Tension, 1925, vol. 2 p. 237, 


to a relatively high potential. For this reason the 
subscribers’ sets are connected to the telephone cables 
through transformers having a ratio of 1: 1, the primary 
and secondary windings being insulated to withstand 
a pressure of 60 000 volts between them. 

Fig. 10 shows an oscillogram of the surge on discharging 


TAA A^ 


Fic. 10.—Oscillogram showing surge on discharging 


a 5-km length of cable. 


a 5-km length of cable, the frequency of the oscillations 
being 7 400. 


TEST-SETS. 


The Gennevilliers station is provided with a special 
motor-generator set for the testing of, and the gradual 
application of pressure to, the 60 000-volt cables. 

The set consists of a synchronized asynchronous 
motor of 600 h.p. coupled to a 6 000-kVA three-phase 
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generator, and a 6 000-kVA 6 000/60 000 step-up trans- 
former. The generator is so designed as to give with 
perfect stability its maximum power with a leading 
power factor of cos ¢ = 0. Its rotor is provided with 
a strong amortisseur which enables it to work as a single- 
phase machine. 

By means of this set it is possible gradually to raise 
` the pressure to 60000 volts on a three-phase feeder 
30 km long, and also to apply between phases, and 
between each phase and earth, a single-phase pressure 
of 70 000 volts. 


CONCLUSION, 


Four years' experience enables the Union d'Électricité 
to state definitely that a network of single cables working 
at 60000 volts between phases is quite satisfactory 
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from the point of view of reliability, provided that 
suitable precautions are taken in installing and, 
especially, in designing the junction boxes. 

After carefully examining the construction of three- 
core cables manufactured for the same voltage by the 
best-known firms of various countries, and the junction 
boxes required for such cables, the Union d'Électricité 
considers that no advantage would result if in the ex- 
tension of its supply network it were to give up the use 
of single cables in favour of three-core cables of any 
make. In the opinion of the company, single cables 
involve not only a smaller initial outlay but also greater 
reliability and better facilities for effecting repairs ; and 
compared with these advantages such a disadvantage as, 
for instance, the increase in the losses in the lead sheath, 
appears to be negligible. 


DISCUSSION BEFORE THE INSTITUTION, 16 DECEMBER, 1920. 


Mr. P. V. Hunter : It will perhaps not be inopportune 
if, before I deal with the paper, I refer to the practice 
adopted by the Council in recent years of asking dis- 
tinguished foreign engineers to read papers and to 
contribute generally to the discussions. I feel sure I 
shall be voicing the opinion of members when I say 
that it is a practice which highly commends itself to 
them. Iam certain that the Institution itself is greatly 
benefited. It is unfortunately true of most national 
institutions that their proceedings tend to become 
insular, and I feel that the procedure which our Council 
has adopted will at least correct such a tendency. 
Turning now to the paper itself, I wish to refer to the 
conditions which existed at the conclusion of the war. 
The position of electricity supply in Paris was very 
similar to that of London; that is to say the supply 
of energy was partitioned among a number of separate 
undertakers without any particular reference to economy 
of working or to the needs of modern electrical supply. 
The author set himself to change this condition of 
things, and in actual fact in the course of a few months 
he consolidated practically the whole of the electrical 
supply of Paris and the neighbouring district. This 
in itself was a remarkable achievement, but it carried 
with it the necessity for a large high-voltage transmission 
System— and it is this transmission system which is 
dealt with in the paper. Broadly considered, the 
transmission system itself is designed on what may be 
considered to-day to be very sound lines indeed. The 
great problem of single-core versus three-core cables 
was naturally considered, and the conclusion was 
arrived at that there must in all cases of high-voltage 
transmission systems be some point at which it becomes 
necessary to employ single-core cables, and that it had 
been reached at 60 000 volts. I think that the majority 
of engineers will entirely agree with the advantages 
of single-core cables as set out by the author. In 
particular the better thermal capacity of the cables is a 
very decided advantage indeed. As regards three-core 
cables, however, I do not find so much support for the 
criticisms which the author levels at them. He refers 
to the heterogeneous region in the dielectric. This is a 
common criticism of three-core cables, but my experi- 


ence in examining breakdowns and in examining cables 
under test has never led me to the view—nor have I 
found any evidence to support the view—that such a 
region exists which is dangerous to the cable. It is true 
that three-core cables have their troubles, but I think 
that this particular trouble referred to by the author 
is not in itself a practical one. I am very interested in 
the rising temperature curve in Fig. 3. One would 
expect the graph relating losses and temperature to be 
a straight line, and I should like the author to let us 
know whether this is actually the case. It is stated 
that the cables are laid in troughs filled with sand, a 
practice which is not at all general. I have been led to 
understand that while it is quite true to say that sand 
is a good thermal conductor, this is only so while the 
sand is moist, and I should like to ask whether there is 
any support for the view that the sand dries out as 
the temperature increases. With regard to the curve 
in Fig. 4, showing the heating with different loads, the 
existence of the overload capacity shown .eems to me 
to be a very valuable asset of single-core cables. It 
would, I think, be of great interest to know whether 
cases have actually occurred in which it has been fully 
taken advantage of; that is to say, is there a case on 
record that a cable operated for a considerable time 
at a load of 300 amperes has been called upon to function 
at the higher load and has suffered no detriment ? 
I ask this because it must be remembered that transient 
heating effects are much more detrimental to the cable 
than the same temperature conditions reached by a 
steady load. In the case of the transient heating effect, 


that is to say an extra heating load for 15 minutes only, 


the conductor and the insulation in the neighbourhood 
of the conductor are subjected to the increased tem- 
perature, but owing to the short interval of time the 
lead covering of the cable itself is not appreciably in- 
creased in temperature. There is therefore expansion 
of the internal contents of the cable without any corre- 
sponding expansion of the lead sheath. As a result 
the internal fluid pressure of the.cable due to expansion 
is more severe on a transient load than on a steady load, 
although the conductor temperature itself may not 
be different in the two cases. I am fully in agreement 
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with the author’s view that a good deal too much has 
been made of the difficulties with sheath losses in single- 
core cables. It is quite clear in any case that under 
the conditions existing in Paris there is no cause for 
alarm in that respect. It is also interesting to know 
that in some cases a carrier wire is used for the purpose 
of laying the cables. This seems to me to be a procedure 
that would be adopted only after trouble has been 
experienced with other methods. I know of nowhere 
else where it has been used for ordinary street cable- 
laying work, and should be interested to know whether 
the more usual methods of handling have given trouble. 
The only other point to which I propose to refer is 
the question of switching dealt with on page 504. Here 
again it seems to me probable that the procedure of 
switching by means of a special generator has only been 
resorted to after trouble was experienced with more 
direct methods. I assume that the explanation lies in 
the fact that when direct switching was employed, 
joints were inclined to break down. The tests applied 
to the cable appear to show clearly that the cable itself 
would withstand without difficulty or trouble the maxi- 
mum surges which are likely to occur with direct 
switching. As regards the joints and joint boxes, I 
gather from the paper that the joint shown in Fig. 5 has 
given a certain amount of trouble, although not excessive 
in view of the large number used. It would be inter- 
esting to know whether the faulty joints give evidence of 
any particular kind of weakness, for instance, cooling 
voids in the mass of compound. The joint in Fig. 6 is 
regarded as an improvement, but the paper appears to 
be hand-wrapped. I know that the hand-wrapping 
of paper in joints is largely resorted to in America, 
and it has the advantage of giving a somewhat shorter 
joint than can be achieved if a paper tube is used, but 
in my opinion this method in joints for use at this pres- 
sure is attended with a great deal of difficulty, and I 
shall be much interested to hear the experience gained 
with this form of joint. 

Mr. J. S. Highfield : This useful paper contains 
clear evidence that electric supply is still in its infancy. 
In this I rejoice because it tends to retain interest for 
new workers in so important a field. Consider the 
practical information contained in the paper describing 
the author's work in Paris where 60 000-volt cables 
are giving regular service, and compare this result with 
recent proposals made for supplying London on a 
system of 22 000 volts. I am not saying which is the 
better, but pointing out only that the difference in view 
shows that the science is still in its infancy. The 
advantages of using high pressures are two-fold. 
First, there is the ordinary reason that a high pressure 
is necessary for carrying electricity over long distances, 
in order to keep the pressure-drop within workable 
limits. There is, however, another reason which is 
far more important in these days when very large 
amounts of power are supplied from a single station. 
It is the physical difficulty of providing space for the 
cables leaving the power station in order to carry away 
the power, which may amount to, say, 500 000 kW. 
To quote a few figures, a cable working at a pressure 
of, say, 22 000 volts may carry a maximum load some- 
thing of the order of 12 000 kW, so that, at this pressure, 


42 cables would be required. At a pressure of 60 000 
volts, however, the number of cables would be reduced 
to 17. This is a matter which every engineer who has 
had to do with large systems recognizes to be one of 
the greatest importance, and for that reason the paper 
and the work described therein are of immense value 
to the industry at the present time. The use of extra- 
high-tension alternating currents introduces certain © 
difficulties due to the capacity of the cables. The author 
has not referred in any way to this matter and I feel sure 
it is one of the greatest interest to all engineers. These 
difficulties are well known, but in ordinary systems at 
medium pressures they do not cause any particular 
trouble. When the line pressure reaches 30000 and 
60 000 volts, however, the capacity current becomes 
one of predominating importance. Take as an instance 
an aerial line 300 miles in length, designed to deliver 
electricity at 104 000 volts at the receiving end. Such 
a line requires a charging current of some 90 amperes, 
practically the same current as the full-load current 
of the line. At no-load the pressure at the sending end 
is 82 000 volts, which gives 104,000 volts at the receiving 
end due to the leading current of the line. At full 
load, say 90 amperes, the pressure at the sending end 
has been raised to 122000 volts. The line current 
therefore remains practically constant from no-load 
to full load, but a regulation, in volts, of nearly 50 per 
cent is required to maintain constant voltage at the 
receiving end. To ensure satisfactory operation ex- 
pensive machinery is required to compensate for the 
line characteristics. This refers to an aerial line; in 
an underground line these phenomena will be accentuated 
and it would be a matter of great interest to know what 
the experience on the Paris system has been. In the 
use of these high pressures and the employment of 
cables to carry very large loads, in the author's instance 
exceeding 30000 kW per cable, the question of main- 
taining the security of the supply is one of first im- 
portance. In fact, the continued growth of the use of 
publicly supplied electricity for important works and 
to important users depends on the user being certain 


. of obtaining a supply which is not likely to fail him 


except at rare intervals. It will be remembered that 
one of the reasons why low-tension direct-current sys- 
tems attained the strong position which they still occupy 
was because of the extra security they provided as 
compared with high-tension alternating-current systems. 
During the years 1890 and 1900 most important work 
was done to render the latter systems really secure. 
In my opinion no more important work lies before 
supply engineers than the provision of systems as nearly 
as possible immune írom interruption. The author 
describes a paper-insulated joint which appears to have 
provided satisfactory service. As far back as 1908, 
after experiencing considerable difficulty with the 
jointing of 10 000-volt concentric cables working at a 
pressure of 10 000 volts to earth, I adopted a paper- 
insulated joint which was described in the Journal.* 
The principle of the joint was that not less than four 
steps were made in the paper insulation of the cable 
by carefully unrolling the paper, and tearing, not 
cutting it. After the conductors were jointed with a 


* Journal I.E.E., 1911, vol. 47, p. 339. 
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sweated joint, the joint was insulated by winding on the 
paper ribbon, about 1 in. wide, to fill in the steps. 
The paper was wound on a reel and was wound by hand 
on to the joint. The use of the reel made it possible 
for the paper to be wound on without contact with the 
jointer's hand. This was found to be essential to the 
making of a satisfactory joint. A single high-tension 
cable, designed to work at a pressure of 100 000 volts 
direct current and insulated with $ in. paper, was 
jointed in a similar fashion. The cable was tested in 
220-yard lengths up to 75 000 volts a.c. pressure at 60 
cycles, the pressure being raised on short lengths to 
130000 volts. The joints were tested up to 150 000 
volts without breaking down, all with alternating 
current at 60 cycles. 

Mr. C. J. Beaver: The paper comes opportunely 
at a time when the question of the three-core cable 
versus the single cable, or virtual single cable made up 
in three-core form, is very much to the fore. A good 


many pernicious statements have been made on the 


subject, and the paper offers a very good opportunity 
of clearing up some of them. Perhaps the most interest- 
ing part of the paper from this point of view is on 
page 500 under the heading '' Reasons for the choice 
of single cables." About 12 years ago in this room I 
pointed out that sooner or later, in the range of working 
voltage, three-core cable would become unhandleable 
and that recourse would have to be made to single-core 
cables. At that time, on general grounds, I put the 
voltage figure at something like 75 000. The present 
author has apparently put it at 60 000, and nowadays 
there is a tendency to reduce it to 33 000. I agree 
with Mr. Hunter in regard to the foresight of the author 
at the time in question in not using three-core cables 
for his purpose, but the same conditions do not apply 
to-day. In the paragraph on page 500 to which I am 
referring it is made abundantly clear that the root of 
the whole trouble in these high-pressure cables is the 
ionization of occluded air, and again I agree with Mr. 
Hunter that this region in the centre of the cable, which 
the author calls the heterogeneous region, is not in 
all cases the seat of the trouble. As a matter of fact, 
I have never found evidence that it occurs at all in 
that region in really well-made cables. This conclusion 
was also arrived at by the Underground Systems Com- 
mittee of the National Electric Light Association of 
America, after exhaustive investigation of the claims 
of the Hochstádter type of cable, in which the said 
region is screened from electrostatic stress. The Com- 
mittee's Report, published in June, 1923, states: 
“ While the results of many of the tests are indefinite, 
it seems reasonably clear that local charring due 
to tangential stresses between conductors does not 
take place to any marked degree in low-loss cables, 
although it probably is an important factor in high- 
loss cables. In other words, the improvement in the 
dielectric-loss characteristic of recent cables makes this 
advantage of the Hochstádter type of cable of little 
value." On the other hand, the author states that 
confirmation of the heterogeneous-region theory is 
obtained if the dielectric losses of a cable of the ordinary 
three-core type are determined; but, however true 
this may have been at the time the author made his 


choice, tests on well-made cables of the present day 
prove the contrary. Fig. A shows the effect of ioniza- 
tion of occluded air on the power factor—and conse- 
quently on the dielectric losses—of a dielectric, with 
increasing electric stress. Incidentally, it shows that 
until the critical ionization stress is reached, a fictitiously 
low value of power factor is liable to be indicated on 
account of the air or gas enclosed in the dielectric. In 
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Fic. A.—Variation of dielectric power factor with electric 
stress. 


Fig. B the upper curve from the author's Fig. 2 has 
been replotted on an ordinary works test-report graph 
relating to a three-core cable of the usual '' belted "' 
construction, and representing normal day-by-day 
output. This comparison shows clearly that under 
modern manufacturing conditions the padding spaces 
are thoroughly well filled, and that, within the limits 
of dielectric stress under consideration, single cables 
have no appreciable advantage over three-core cables, 
and that there is no necessity to screen the padding 
spaces from the electrostatic stress if the cables are 
well made. I think it is very desirable in the interests 
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Fic. B.—Comparison of power factor of 3-core and single- 
core cables on maximum stress basis 


of the electrical industry which, as Mr. Highfield has 
mentioned, is growing in importance every day, that 
one should get down to fundamental matters in con- 
nection with this subject. It is obviously the more 
economical plan to use the ordinary type of three-core 
cable, provided it can be made so that it can confidently 
be relied upon. Therefore I think that even if we have 
had some setbacks in the matter of super-tension cables, 
we should be careful not to take some false step in apply- 
ing remedies. There is a general consensus of opinion 
that the fundamental trouble in these cables is due to 
occlusions of air or gases which become ionized under 
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certain conditions of stress, and there are various rami- 
fications of that state of affairs. If air or gas is occluded 
various things may happen in installing or operating 
a cable, which cause those occlusions to be segregated 
and brought into forms which are ionized more readily 
than in their initial state, and the foundations of the 
trouble are thus laid. Logically the proper preventive 
measure is to exclude all air and gases, so that whether 
the cable is a single cable, a three-core cable or a screened 
single cable made up into three-core form, the conditions 
in the dielectric will be immune from these effects. 
Therefore the whole question turns on manufacturing 
methods. There is a reference on pages 503 and 504 
to a screened single-core form of three-core cable, the 
advantages and disadvantages of which are mentioned. 
It is said to be more expensive than three ordinary 
single cables. An ordinary three-core armoured cable 
is undoubtedly cheaper than three single cables under 
present-day conditions, and it can easily be seen 
that it will have advantages as regards dimensions, 


Max. stress = 28-5 Vm 


» @=31-8 «  Max.stress= 31:8 kV/cm 


Fic. C.—Comparison of 3-core types (0-15 sq. in conductor). 


1) Ordinary or '' belted’ type. 
2) Metal-screened single-core type. 


and therefore cost over the screened single type 
in three-core form. Fig. C shows a comparison 
between the two types on the basis of equal values of 
maximum stress in the dielectric. It will be seen that 
the ordinary form of three-core cable has an advantage 
over the screened single-core type as regards diameter, 
and also a lower maximum value of stress to earth. 
Fig. D shows a comprison on the basis of equal diameters, 


Max.stress=31-8kV/em at 


Max.stress- 
19-1 KV to earth 


36:3 kV/cm 
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Fic. D.—Comparison of 3-core types (0-15 sq. in. conductor). 


(1) Ordinary or '' belted " type 
2) Metal-screened single-core type. 


and in this case it is apparent that as maximum stress 


values are lower in the ordinary belted type of three- | 


core construction, it has a greater factor of safety for 
a given cost. As a corollary to these comparisons it 
is of interest to consider the distribution of maximum 
stress at a given instant around the circumference of 
one of the conductors in each type of cable. Assuming 
homogeneity, a straight line will represent the distri- 
bution in the screened single type, and in the case of 
the preceding comparison, Fig. D, it will be the upper 


horizontal line in Fig. E. For the corresponding three- 
core cable of equal diameter, the lower sinusoidal curve 
will be obtained. In order, however, to bring the value 
of stress in the screened single cable down to the average 
maximum value in the three-core cable, an extra radial 
thickness of 395 — 325 — 70 mils would require to be 
added to the single cores. With regard to the point 
which seems to appeal to many in connection with 
the screened single type of three-core cable, viz. making 
the stresses radial in direction, and avoiding tangential 


40 
E und ed 
ENMENNSEEMEM:, H type Fig Do) 
aes mils r 
l a on cores 
E mu 
9 E 
z + Fy imi mils Fig ca 
c on cores 
ge — 
a so ——4— d 
9 SNe 3-core [Fi Fig Dav] 
4 muy [ 7300 mils 
" on cores 
X MI 60 mils overall 
= 


Fic. E. 


stresses due to the rotating field, it is clear that there 
is nothing to fear in either form if the cable is really 
free from air. 

Major A. M. Taylor: I am not surprised at the 
author’s preference for single-core cables at or above 
60 000 volts. As regards the use of metallized paper, 
although apparently we are not all agreed that it is a 
step forward, some of us are so agreed. I cannot help 
thinking that the losses observed in the lead sheathing 
of cables are a great deal too high. Prof. Cramp has 
made some very careful tests upon such losses. I have 
applied his results to the present case and I find that he 
estimates that the losses should be only about 13 per 
cent instead of 10 per cent as given by the author. 
That is such a great difference that I think it should be 
further investigated. I believe that Prof. Dwight in 
America has calculated these losses and he says that 
Prof. Cramp has under-estimated them, but not to any- 
thing like that extent. I think he says it is only a 
matter of 100 per cent, which would bring it, at the 
most, to 3 per cent. At higher voltages the losses 
will of course diminish because the current is smaller and 
the conductor is further away from the lead sheath. 
As regards the current-carrying capacity of single-core 
cables compared with that of three-core cables with 
metallized paper, I believe the method attributed to 
Capdeville (a method I have also worked out myself) 
for interconnecting the lead sheaths of the cable would 
enable us to separate out the single-core cables from one 
another and therefore to get a much better heat distri- 


THE UNION D’ELECTRICITE: DISCUSSION. 


bution through the soil itself, thus enabling it to dissipate 
considerably more heat. I feel that we shall have to 
use single-core cables, because I cannot conceive of 
present practice adhering either to 30000 or 60 000 
volts for the heaviest trunk connections. It will also 
be necessary in the near future to link up directly 
with overhead lines at 120 000, 130 000, and higher 
voltages. In Table A I have put together in a simple 
form the particulars relating to the author's single- 
core cable, the intersheath three-core cable which I 
have had made, and Messrs. Pirelli’s single-core cable, 
as taken from published information. Cols. 3 and 4 
show the average potential gradient and the percentage 
increment in power factor per 33 per cent increase of 
working voltage. In other words, col. 4 is the criterion 
of the slope at which the power factor rises as the voltage 
is increased. From col. 4 it will also be seen that, as the 
average potential gradients increase, so the percentage 
of the increment of the power factor also increases. 
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about 18:4 mm in the case of Messrs. Pirelli’s cable. 
I have proved very conclusively that the depth to 
which the impregnation penetrates is a very important 
matter, for I made a crucial experiment. The two 
outer insulations were impregnated simultaneously, so 
that the innermost part of the intermediate belt was 
at a depth of nearly 14 mm. Under those circumstances 
the difference between the behaviour of the intermediate 
belt, which was the least impregnated, and the outer- 
most belt, which was the most impregnated, was very 
great. Instead of the intermediate belt being only 
27 per cent worse than the innermost belt and 18 per 
cent better than the outermost belt (as it should have 
been), it actually appeared that the intermediate belt 
was 33 per cent worse than the outermost one and 100 per 
cent worse than the innermost one, showing quite 
conclusively that when impregnation is carried out 
above a certain depth it is impossible to get the best 
results. Therefore I believe that by bringing the depths 


TABLE A. 
l Percentage increment 
Type of cable a Aee pa e | pias 
in voltage (cold) 
mm kV/cm per cent volts 
Author’s single-core he sE - xe 14 24:7 5:0 66 000 
10 
“ Intersheath ” 3-core l 7:2 37:8 8-5 156 000 
6.6 
Pirelli's single-core 18-4 42-7 14-0 132 000 
Metallized 3-core.. 12 (approx.) | 29-0 (approx.) 6-0 66 000 


This goes to show that although it may be true to say 
that the '' metallized " three-core cable has a nearly 
parallel line, this does not apply to cables for really 
high voltages, such as the 156 000-volt concentric cable 
I have made, or the 132 000-volt cable which Messrs. 
Pirelli have made. It shows that at these higher 
voltages, and consequent greater depth of impregnation 
and greater average potential gradient, it is impossible 
to avoid the increased increment in the power factor 
loss. According to the figures published by Messrs. 
Pirelli, they obtained about a 14 per cent increment with 
33 per cent increase of voltage. That seems to point 
to the fact that the mere change from the elliptical 
equipotential surfaces to the concentric equipotential 
surfaces will not overcome the difficulty of the rise 
in power factor increment at really high voltages. I 
think the reason is that below a certain point the critical 
voltage gradient has not been reached but that, as the 
pressure is raised, ionization troubles run up rapidly 
On the other hand, I think it will be agreed that I have 
done very well to get an increment of only 8-5 per cent, 
which is not very materially greater than 5 per cent, 
considering the tremendous difference in voltage in 
the cables, which I have illustrated in the table. In 
col. 2 of the table the depth of impregnation by the 
three-stage method is brought down to 10 mm as 
against 14 mm in the case of the author's cable, and 


of impregnation down in three successive stages I have 
reached a point where I shall get the very best results, 
As regards the question of pressure-rises and surges. 
it is not so much the generators, in this case, as the 
transformers that require attention. The distance 
from Gennevilliers to Vitry is apparently 15 miles. 
Supposing there were fifth- or seventh-harmonic currents, 
as I calculate there may be, passing through the in- 
sulation, say only to the extent of 5 amperes per mile 
of current, representing 75 amperes on a particular 
cable; that 75 amperes would not be noticed at the 
station. That fifth- or seventh-harmonic current would 
be superimposed on the ordinary ' fundamental cur- 
rent,” say 2 amperes or 3 amperes per mile. I 
believe that when a single generator unit is carrying 
the whole capacitance load of the system, a relatively 
large capacitance current traverses the secondary of 
the transformer and tends to cancel the magnetizing 
effect of a certain proportion of the circulating current 
in the delta. If the sine wave of flux is reduced (at 
the crest) by only 1 per cent at the seventh harmonic 
it is possible to get 2 000 or 3000 volts continuously 
introduced into the secondary. That voltage, operating 
upon the condensive capacitance of the system, passes 
a still larger current which, although perhaps not 
observable, may be quite sufficient to do damage. 

Mr. N. A. Allen : The joint shown in Fig. 6 is very 
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interesting, and I should like to know whether, up to 
the present time, any further experience has been 
obtained with it. What is the material of which the 
insulating sleeve around the paper insulation is formed, 
and in what manner is it applied ? Referring to the 
vexed question of single-core cables versus three-core 
cables, in the conclusion it is stated that there would 
be no advantage in abandoning the single-core cable 
for any known type of three-core cable. No doubt 
this conclusion is intended to apply to possible further ex- 
tensions of the existing Union d'Electricité network. 
Since the valuable experience which has been gained 
in France will undoubtedly be taken into consideration, 
and rightly so, when designing new schemes in England, 
it is necessary to point out that the conclusion arrived at 
should be accepted with a certain amount of caution 
for English conditions. Previous speakers have touched 
on the various advantages for and against the three- 
core cable from a technical point of view. Apart from 
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this aspect of the question, there is one factor which 
wil always, in the long run, decide whether a system 
is adopted, or not, and that is the economic factor— 
the annual expenditure per unit of power transmitted. 
I had occasion a year or so ago to make a study in order 
to determine which system would be economically 
superior in three cases: (1) Three single-core cables, 
lead-covered and drawn into stoneware ducts ; (2) three 
single-core cables, lead covered and drawn into U- 
shaped troughs, as described in the paper, and (3) a 
three-core armoured cable laid direct in the ground. 
The voltage was taken as 33 000 volts, which seemed 
one which was unlikely to be exceeded at least for 
some years in England. The power to be transmitted 
was 10 000 kW and the distance 10 miles. The calcu- 
lations were made throughout on the basis of English- 
made cables laid in England. Fig. F shows how the 
total annual costs are made up. The rising curve at 
the top represents the annual capital costs made up of 
the interest on the capital outlay, depreciation, main- 
tenance, and so on. At the bottom is the falling power 
cost curve made up of the cost of copper losses and 


lead-sheath losses. The summation curves are given 
in Fig. G. It will be seen that for 33 000-volt working, 
the three-core cable laid direct is undoubtedly justified 
from the economic standpoint. I am not familiar 
with the costs of installation, labour and maintenance 
in France, but it seems very unlikely that for any 
but very large amounts of power in England these 
factors will be so widely different as to reverse the 
relative positions of the curves and justify three single- 
core cables as opposed to three-core cable. Itis probably 
a coincidence, but it is an interesting one nevertheless, 
that the conductor area on the curve which gives the 
lowest annual cost in the case of the three single cables 
in the U troughing is 0-23 sq. in. which is exactly 
equal to 150 mm?, the size adopted by the Union 
d'Electricité. A further point, not referred to in 
the paper, is the fact that in an economic study of 
this kind it may be decided to take into consideration 
the possibility of breakdown and so to allow for one spare 
cable. If this is done it is obvious that the extra cost 
of one spare is 33 per cent in the case of the three single 
cables, while the cost is doubled in the case of three-core 
cable. Therefore the results of such an investigation 
of annual cost would undoubtedly reverse the position 
of the curves. On the other hand, since the fourth 


cable, in the case of the three single cables, represents 
a large amount of money lying absolutely idle, except 
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at those infrequent times when cable faults occur, it seems 
hardly true to say that this can be considered a real 
economy. Thus one is forced to the broad general 
conclusion that for English conditions and English- 
made cables, the three-core cable laid direct in the 
ground is economically superior. 

Mr. C. Vernier: The reasons given in the paper 
for the choice of single-core cables will, I think, appeal 
to all users. Much experimental work on 66 000-volt 
cables has been done on the North-East Coast during 
the past three years. I have been connected with the 
installation of various types of such cables and in their 
operation, including three-core and single-core cables, 
and thus I can speak with some first-hand knowledge 
of their advantages and disadvantages. The main 
facts which emerge from this experience can be sum- 
marized as follows: First, thorough impregnation is 
much more difficult for 60 000-volt cables than is the 
case with thinner insulations. Manufacturers did not 
appreciate this fact at the outset, and failures of 
three-core and single-core cables occurred in England 
and America and, I believe, in Paris also. The difficulty, 
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however, has now been overcome to the extent that 
impregnation is no longer patchy and is reasonably 
satisfactory. Second, tangential stresses in three-core 
cables have assumed altogether unexpected importance 
at these higher voltages, and for 60 000 to 66 000 volts 
it is probable that no three-core cable of the ordinary 
type with fillers can be built to give satisfactory service. 
Third, it has been demonstrated beyond all question 
that the present laboratory tests are no criterion of 
the quality and reliability of super-tension cables. 
Cables which in laboratory tests have seemed highly 
satisfactory have failed rapidly in service, more rapidly 
than other cables which, as judged by tests, have appar- 
ently not been so good. Finally, some of the best 
impregnating compounds, from the point of view of 
low and uniform dielectric losses, have proved defective 
and unsuitable in practice. I am not, therefore, very 
much impressed by the tests which are frequently 
shown as determining the quality of a cable. The last 
two considerations indicate that, at present, reliance 
cannot be placed on laboratory tests alone, and that 
experience on a large scale in commercial service, such 
as has been obtained in Paris and elsewhere, is the only 
test of real value. The disadvantage of the ordinary 
tvpe of three-core cable lies in the fact that it is impos- 
sible to maintain intimate contact between cores and 
fillers under all conditions of bending in installation and 
the subsequent expansion and contraction of core and 
impregnating compound which takes place during opera- 
tion, and failure occurs owing to tangential stress at 
the boundary of the centre filler. (That answers Mr. 
Beaver’s point that all air must be excluded. This may 
be done, but it is impossible to prevent these spaces 
forming after a cable has been laid.) That tangential 
stress can be countered if the cable can be kept full of 
compound has been amply proved by experiments 
over a length of 1} miles a 66 000-volt three-core oil 
duct cable having been operated successfully for 10 
months, at the end of which period there were no signs 
of tangential or other stresses. This cable operated 
under the worst possible conditions, in series with a 10- 
mile overhead line, some in the middle and some at 
one end. The cable was switched off each night and 
at week-ends in order to impose maximum temperature 
variations and switching surges. The experiment was 
eventually abandoned, partly because the oil used for 
filling was unsuitable, but mainly because it became 
evident that this type of cable had serious disadvantages 
as compared with single-core cables, the cost and time 
necessary for repairs not being justified for the voltage. 
Its special interest is in the promise it holds out of 
employing these methods successfully for much higher 
voltage cables where they will become essential. For 
instance, they are now being used with 132 000-volt 
single-core cables in Chicago. Single-core 66 000-volt 
cables have proved quite satisfactory since the initial 
dificulty with impregnation has been overcome. We 
have had some 15 miles in operation without a failure 
during a period extending over 12 months. These 
cables also operated in series with an overhead line 
in regular commercial service without any special 
protection. The cables were supplied by three manu- 
facturers, two being British, and the other, one of the 
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French firms who supplied the 66 000-volt cables for 
the author’s undertaking. Fully 95 per cent of this 
cable has been supplied by one of the British firms. 
Our single-core 66 000-volt cables are armoured with 
a 0-04 in. copper tape to comply with regulations, 
served overall with hessian, and waterproofed in the 
usual manner. The cables are then laid side by side 
direct in the ground in triangular formation and bound 
together every 6 ft. They are protected by a 2-in. 
creosoted wood board placed over them. The lead 
and copper armouring are bonded together at the 
joints; also the separate cables are bonded together 


atjoints. This system closely follows the British practice 


of cable laying and appears to me to be preferable to the 
method described in the paper. One of the reasons 
why we used three-core cables is that the prices quoted to 
us show that they are cheaper than single-core cables, 
the latter costing approximately 20 per cent more, 
including laying and jointing in each case. As, however, 
three-core cables are in the experimental stage, it is 
probable that prices are not representative, and they 
are certainly not competitive. I am not surprised 
that the original 66 000-volt joints shown in Fig. 5 
give trouble, as they appear somewhat primitive after 
the experience obtained with 20 000-volt uninsulated 
joints of this type adopted in 1906, which gave endless 
trouble. Contrary to the author's experience, our 
jointing troubles, whether on three-core or single-core 
66 000-volt cables, have been absolutely non-existent. 
I have also had some experience of the joints shown in 
Fig. 6, supplied and made by the firm referred to, and 
these have proved entirely satisfactory. They require 
great care on the part of the jointer and I much prefer 
a joint in which the core is insulated with impregnated 
linen tape up to the diameter of the core and with an 
impregnated paper insulating tube fitting loosely over 
it. I consider that at these voltages vacuum- and 
pressure-filling of joints is essential and that the same 
filling compound should be used as is employed for 
impregnating the cable. I think that cable-jointing 
is at present far in advance of cable manufacture, a 
statement which may cause some surprise in various 
quarters but which nevertheless is, I believe, quite true. 
If it is only joint failures that trouble the author, I 
think he may rest assured that his problem is already 
solved. I should like to ask him whether heating 
tests have been carried out with the three cables bunched 
in the trough filled with sand, and if he has any figures 
for the thermal resistivity of the sand he uses. The 
Research Association Committee on the Permissible 
Loading of Buried Cables, of which I am Chairman, 
would welcome such figures, if available, as very different 
values appear to be obtained with sand, as given in 
Fig. 5 of this last report.* This Committee have found 
a very low value of thermal resistivity for sand, i.e. 
between 62 and 82, Kennelly in America found values 
several times greater, and the Japanese have loading 
tables based on a figure of 324 for dry sand.f 

Mr. T. N. Riley : I think the author has fully 
proved his claim that, at the time when these cables 
were first installed, three single-core cables were a 


* Journal I.E.E., 1923, vol. 61, p. 536. 
t (bid.,.1923, vol. 61, p. 642, Table 31. 
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better proposition than a three-core cable for a pressure 
of 60000 volts. Whether that claim could still be 
justified is, I think, doubtful. I am somewhat sur- 
prised to see it stated in the paper that the only tests 
which are demanded by the customer are pressure tests. 
It is common knowledge that every cable which has 
been installed in this country for some time past has 
passed perfectly satisfactory pressure tests at the factory, 
but that in spite of that they have failed after a period 
of a few months in service. The dielectric-loss tests 
are left apparently entirely to the manufacturer. As 
a manufacturer myself I appreciate the author’s faith 
in them. His belief that manufacturers can be left to 
themselves to turn out a good quality cable is, I have 
no doubt, justified, but at the present day I do not think 
he is correct in saying that dielectric-loss tests are not 
of value as a criterion to estimate the quality of a cable. 
The curves shown on the lantern slides suggest that a 
certain type of laboratory test is of value, and that it 
will satisfactorily account for several of the experiences 
with high-voltage cables in recent years. The lower 
curve in Fig. H shows a power-factor/voltage test on an 
ordinary belted type of 33 000-volt three-core cable. 
That is taken directly after manufacture, as, I believe, 
are most of the tests of that type which are commonly 
published. It shows a slight rise of power factor with 
the voltage, but nothing serious up to practically 
double the working voltage. That is a 33 000-volt 
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Fic. H.—Test-results on 3-core, 33 000-volt belted cable. 


cable, and the power factor does not exceed 0-015 up 
to 65 kV; but if that test is repeated when the cable 
is cold after it has been loaded up to the maximum 
temperature at which it was expected to work in prac- 
tice, the upper curve is obtained. The latter curve is 
totally different, showing that close to the working 
point there is apparently a rapid rise of power factor, 
which indicates a certain amount of ionization, and 
considerably increased loss just above that point. If, 
on an overload, the temperature increases still further, 
the curve becomes still worse on cooling. This behaviour 
agrees very well with what has been determined in 
practice. A satisfactory power-factor/voltage charac- 
teristic has been obtained immediately after manufac- 
ture when the cable is cold, when it is thoroughly well 
impregnated. When the oil expands on heating it 
must expand the lead. On cooling, the lead, being 
plastic, remains more or less where it is, and voids are 
formed in the cable so that the impregnation is no 
longer satisfactory, as is indicated by the changed 
power-factor/voltage characteristic. The most likely 


place for voids is in the filling spaces where the packing 
naturally is least dense. In a belted type of cable 
these filling spaces are always exposed to stress. They 
can be removed from any exposure to stress by the 
employment of the equipotential sheath, and when 
that is done the chances of a void forming in the insula- 
tion which is under stress are very much reduced. The 
lower set of curves in Fig. J show tests taken on a 
66 000-volt cable with equipotential sheaths. The 
dotted line shows the test on the cable as first manu- 
factured. The full line shows the power-factor/voltage 
test when hot on a load sufficient to heat it to 50°C. 
It will be noticed that the increase of power factor 
with temperature is relatively small, whereas in the 
single-core cables referred to in the paper the change 
of power factor with temperature is large. It is stated 
on page 501 that the power factor at 45° C. is the same 
as at 15°C. Taking that in conjunction with Fig. 2 
(test when hot) we get a fall of power factor from 0-011 
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Fic. J.—Test-results on 3-core, 66 000-volt “ H” cable. 


to 0-007 as the temperature rises to 40? C., and after- 
wards a very rapid rise to 0-011 at 45? C. If this “ U” 
curve were continued, the power factor would apparently 
reach 0-02 at 50? C. Such a very steeply rising charac- 
teristic with much increased losses as the temperature 
rises does not indicate a good cable. In the cable the 
tests on which are given in Fig. J, the losses at 50°C. 
are practically the same as when cold. On repeating 
this test after cooling, we no longer get the rapid rise 
of power factor shown in Fig. H for a belted cable. The 
dots show the actual points determined when the power 
factor is measured after cooling. If a cable can be 
constructed which shows a stable characteristic after 
heating and cooling on load, i.e. in service conditions, 
then I think the possibilities are that the breakdowns 
in service will be reduced. It is common knowledge 
that cables worked always well below their maximum 
load do not break down. There is little heating and 
therefore little formation of voids. If, when a cable 
is cooled after being on maximum load, there is a rapid 
increase of power factor, this indicates a harmful change. 
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There is a certain amount of charring where the stress is 
tangential, because the insulation is much weaker longi- 
tudinally than radially, and there is ionization in any 
voids, and if these effects continue long enough a break- 
down will ultimately occur. If there is not that rise of 
power factor, then we shall no longer experience the 
failure of cables during light-load periods after they 
have cooled from full load. Power-factor/voltage 
characteristics taken after a heat run show definitely 
that it is possible to determine in advance in the factory 
whether the cable is likely to stand up in service or not. 

(Communicated) : It is not of course suggested that 
it is practicable to test every length of cable in this 
manner. Since the stability of characteristics is largely 
a matter of correct structure, it will be sufficient to 
check this on a few cable lengths only. The following 
tests are suggested as being of major importance in 
selecting a cable for service: (1) On all lengths an 
excess pressure of twice the working voltage shall be 
applied for 15 minutes. (2) On all lengths the power 
factor shall be measured at the working frequency 
and at a temperature not greater than 20? C. over a 
range of voltage from 30 per cent below to 30 per cent 
above the working voltage. The power factor at the 
upper limit shall not exceed 0-02 and the increase 
of power factor with voltage over this range shall not 
exceed 0-005. (3) On 3 per cent of the lengths the 
power factor shall be measured at the working voltage 
and frequency over a range of temperature from 20? C. 
to the working temperature of the cable, and shall not 
exceed 0-020. The temperature of the cable shall be 
raised by circulating current through the cores, the core 
temperature being determined by a resistance method. 
(4) On all cables tested as in (3), test (2) shall be repeated 
on cooling. At any voltage within the specified range 
the difference of values of power factor before and after 
heating shall not exceed 0-002. Test (1) is applied, 
as by the author, to indicate any weak spot in the 
dielectric. Test (2) is an indication of freedom from 
ionization and hence complete impregnation. Test (3) 
will prove absence of moisture and choice of suitable 
material in the dielectric. Test (4) will test the proba- 
bility of stability in service. Heating the whole cable 
in a bath is objectionable because this is not a service 
condition, and as the temperature of the whole dielectric 
is raised to the maximum, the expansion is greater than 
normal and the length so treated is rendered unsuitable 
for service. 

Mr. R. A. Brockbank : The author states on page 502 
that breakdowns in cables have now been completely 
eliminated. That presupposes that trouble was at 
first experienced as was only to be expected, and I 
should be glad to hear, if the author does not object 
to making it public, to what those early failures were 
attributed. If it was faulty manufacture, did the cables 
show any particular characteristic on test? Or was 
the cause handling or laying? In this connection I 
note that the cable is served overall but the type or 
thickness is not mentioned. Finally, was the cause of 
the failures switching surges or transients or heavy over- 
loads which later developments have eliminated ? The 
author mentions 45? C. as the normal maximum cable 
temperature, and it seems to me that if this tempera- 


ture has not been exceeded he has not experienced 
certain troubles which we have found in this country 
and to which previous speakers have referred. I refer 
particularly to cables which at some time. have been 
loaded up to 60? C. or more. Permanent expansion 
takes place in the lead sheath, and on light loads voids 
Or gaseous spaces at low pressures, which are an incipient 
cause of later breakdown, are formed. Cables which 
have not been run beyond 40° C., however, do not seem 
to show this inclination to trouble. The question is 
probably closely allied with the temperature at which 
the cable can be considered as full and also with the 
extent to which the lead may expand without taking a 
permanent set, although this is small. Although it 
does not appear to be very practicable, an alternative 
scheme would be to run the cable at a constant tempera- 
ture of 55°-60° C., treating the period up to 50? C. as 
dangerous. It is possible to deduce from the paper 
three points on the temperature/power-factor curve. 
That curve is exceedingly steep after 40?—45? C. I 
think that if that cable was run at temperatures of the 
order of 55?—60? C. cumulative heating would certainly 
commence and breakdown would result. Has the 
author had any section working at these temperatures 
and experienced more trouble than on other parts of the 
section and reduced his maximum loading in conse- 
quence ? Whilst I do not admit of the superiority 
of three single-core cables over the three-core type, I 
was greatly impressed with the case which the author 
has made out for them and this would have been con- 
siderably enhanced if it had been possible to armour 
them. Authorities are not at present agreed as to 
the computation of the losses in armoured single-core 
cables, but I think it is generally admitted that with 
the present iron with which we are supplied it is not 
possible to reduce these losses to values which will 
warrant the use of single-core armouring. I think, 
however, that in the near future with a non-magnetic 
iron, coupled with the present tendency to adopt higher 
voltages and lower current densities, it will be possible 
to lay a single-core armoured system having losses very 
little in excess of those in a present three-core armoured 
cable. I notice that the author has recently installed 
some experimental cables with equipotential sheaths 
(usually known as “H” cable). I shall be glad 
to know if any breakdown has been experienced 
as I am particularly interested in what occurs to the 
metallized paper when a short-circuit occurs with 
plenty of power behind it. Does the discharge destroy 
the paper for some distance on either side and does it 
become necessary to replace a considerable length of 
cable? Further, does the same effect occur on the 
three single cables, i.e. has a short-circuit on one of the 
cores injured one of the neighbouring cores. 

Mr. P. Dunsheath: On the general question of 
the three-core cable versus three single cables, I agree 
with the author that the use of plain three-core cables 
at 60000 volts is impracticable. The author states 
that the Paris transmission system is now in a very 
satisfactory condition, but he clearly shows that both 
with the cable itself and with the joints he has had a 
very great amount of trouble. I suggest that if he 
would give in an Appendix some detailed information 
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as to how these cables have failed since they were laid, 
and how the joints have failed, the value of the paper 
would be considerably enhanced. A joint shown in 
Fig. 5, for instance, has been found to be perfectly 
useless; I am sure there are many engineers in this 
country who would like to know why that joint has 
failed and in what part of its construction. The author 
says that his company have been experimenting for 
some time on these junction boxes. What is the criterion 
on which a box is accepted or refused? Does the 
author break them down with short-time tests and take 
the maximum voltage, or does he apply a certain voltage 
for along time? The order of magnitude of the break- 
down voltage of the joints could also with advantage 
be given. A point which has not been raised so far is 
the question of the effect of breakdowns on this type 
of cable. If one of the cores fails between two junction 
boxes there is a big out-of-balance current. Has the 
author noticed at that instant any dangerous voltages 
generated in the sheath ? He says that in laying the 
cables special caution is necessary to see that they 
do not bend to a radius less than 1 metre. This is 44 
times the diameter of the cable and I imagine he must 
have had some difficulty in training an ordinary cable 
gang to treat a cable with such respect. 

Mr. G. H. Nash : I wish to appeal to all engineers 
interested in this matter not to be too dogmatic in their 
conclusions but to keep a broad, open mind on the 
subject. Mr. Highfield in his remarks gave it as his 
opinion that the whole subject was in its infancy, and 
I am inclined to this belief. As evidence both of its 
infancy and of the necessity for keeping an open mind, 
I should like to give two illustrations. (1) Mr. Dun- 
sheath said that the manufacture of a satisfactory three- 
core cable to work at 60 000 volts was an impossibility. 
I wish to state, however, that I regard it as a full and 
commercial possibility. (2) Mr. Beaver in dealing 
with the economics of the subject showed, on a lantern 
slide, cross-sections of two cables both designed to 
carry the same load and operate at the same voltage. 
The overall diameter of the belted cable was, according 
to this, distinctly smaller than that for the equipotential 
cable, from which he deduced that the belted cable 
would be less expensive. Had I been making this 
lantern slide, the reverse would have been the case; 
that is, the diameter of the equipotential cable would 
have been noticeably smaller than that of the belted 
cable, from which I should have argued that the equi- 
potential cable was the cheaper due to the large saving 
in the lead sheath. Because, therefore, the subject is 
capable of such opposite opinions I renew my appeal 
for broadmindedness on the part of those interested. 

(Communicated): I feel that I should add a few 
words to make clear my contention that an equipotential 
cable should, in my opinion, be smaller, and therefore 
cheaper. Mr. Beaver's comparison was shown on the 
lantern slide to be made on the basis of equal maximum 
stresses between core and sheath. This is a misleading 
basis for two reasons, first that the maximum stress in 
the belted type is not between core and sheath, and 
second that the limiting factor in the belted type is 
the maximum tangential stress, whereas with the 
equipotential sbeath the limiting factor is the maximum 


radial stress, which can safely be much greater than 
the tangential stress. 

Mr. E. A. Beavis (communicated) : That such a 
cable installation as is detailed in this paper has been 
in successful operation for some time is of particular 
interest just now to us in this country, and may well 
hearten those engineers who in the past have always 
been somewhat dubious of this type of transmission. 
The facts that sheath losses are 10 per cent or less of 
the copper loss, and that there is apparently no trouble 
experienced—at least none is mentioned—with regard 
to burning or pitting of the lead, are of importance in 
that these matters always give rise to a certain amount 
of question where single-core cables are concerned. 
Although it is unlikely that such a cable scheme would 
be adopted here, as we favour more the armoured 
type laid direct in the ground, it seems fairly well 
agreed that for voltages above 30 000 some form of 
single-core cables are essential. The failure of the belt 
type of cable for high voltages would seem to be inherent 
in the design; the dielectric cannot be considered as 
electrically homogeneous, and this defect is greatly 
aggravated by the movements of the cores consequent 
upon the continual expansions and contractions entailed 
in service. Ionization, when it occurs, tends to take 
place in the most critical regions, causing progressive 
deterioration with time. The single-core cable over- 
comes the disadvantage due to tangential stresses in 
the filler spaces, but is still liable to the formation of 
voids under the lead sheath, which, although not so 
serious as in the belt type, may cause trouble if the 
potential gradient is sufficiently high. If the core is 
covered with a layer of metallized paper or closely 
wound copper tape which is maintained in close contact 
with the lead along the length of the cable, the danger 
from this source is removed. It would seem that this 
type of design—either in the form of a complete three- 
core cable (referred to as the “ H ” type), or composed 
of three separate lead-cased cores laid up together— 
offers the greater security for high-tension transmission 
in the immediate future. The author’s system makes 
the fullest use of the better thermal qualities of the 
single-core cable, and obtains an extremely low overall 
thermal resistance, which we could not approach with 
buried armoured cables. No doubt the low dielectric 
temperature attained even with heavy loading has 
greatly conduced to the efficiency of the transmission. 
On first consideration the “ H " type appears to offer 
great advantages over the ordinary belt cable in the 
matter of current loading capacity, but this is not 
always realized to such an extent in practice, partly 
owing to the high thermal resistance of the thin 
metallized layer, but mainly due to the effects of 
armouring and burying the cable. For the same 
external diameter the thermal resistance of the “ H” 
type is about 75 per cent, and of the single-core type 
only 50 per cent, of that of the corresponding belt 
cable when in the lead-cased stage, but when the cable 
is finally armoured and laid underground in soil of 
normal characteristics, however, these figures are 
increased to approximately 90 per cent and 80 per 
cent respectively. This means that for the same 
temperature conditions a 6 per cent increase of loading 
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is permissible for the “ H " type and possibly a little 
more than this for the single-core cable, allowing the 
necessary reduction on account of sheath losses. These 
figures are conservative as no question of the dielectric 
losses has been considered, and it is recognized that 
these will be lower for single-core cables, and will in 
any case have less effect upon the temperature-rise of 
the single conductors. Under such conditions it seems 
reasonable to assume that a 10 per cent increase in 
loading is possible with the “ H ” design without the 
temperature-rise increasing above the limits found 
advisable in operation. 

Mr. S. C. Bartholomew (communicated): In the 
Section dealing with ''pressure-rises and surges’’ the 
author points out that in the case of a sudden discharge 
of the cables the telephone cables in the same trench 
become charged to a relatively high potential, and as 
a consequence it is necessary to employ on the telephone 
circuits transformers with insulation sufficient to with- 
stand a pressure of 60 000 volts between the windings. 
What is the average separating distance between the 
telephone cables and the power cables, and the length 
of the parallelism? Presumably the conditions re- 
ferred to would arise during the opening of a switch 
and would not be of frequent occurrence? It is 
gathered that the telephone circuits referred to are 
those used in connection with the power system. Is it 
necessary to take any precautions in connection with 
the public telephone cables which may be laid in close 
proximity to the power mains ? 


NORTH-EASTERN CENTRE, 24 JANUARY, 1927. 


[The report of the joint discussion before the North- 
Eastern. Centre on this paper and a paper by Mr. 
Dunsheath will be found on page 488.] 


THE AuTHOR' REPLY TO THE LONDON AND 
NEWCASTLE DISCUSSIONS. 


Colonel E. Mercier (i» reply): There is no reason 
why the troubles in connection with the initial operation 
of our 66 000-volt networkshould not be published, and, 
as considerable interest appears to be taken in this 
matter, I propose to describe the incidents briefly. They 
were of two kinds, namely, those in connection with 
the cables themselves, and those affecting the junction 
boxes. As regards the cables, as soon as the network 
was put into commission, trouble arose with two of 
the earliest feeders, both of a certain make. A large 
number of experiments have proved without doubt that 
the breakdowns were due, not to surges, as Mr. Taylor 
supposes, but to the unsatisfactory quality of the cables. 
Further, other feeders of a different make, which had 
been laid at the same time and were working in parallel 
with those just mentioned, have not given the slightest 
trouble since they have been in use—that is to say, 
during some 5 years. The manufacturer of the first 
cables has admitted that the defects were due to a great 
extent to insufficient impregnation, and his unfortunate 
experience enabled him subsequently to produce irre- 
proachable cables. 

The troubles in connection with the junction boxes 
were of another kind. They began to occur in groups 
after approximately one year's service, and in order to 
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safeguard the supply it was necessary to replace the 
boxes systematically. When they were taken up it 
was found that the majority had defects which would 
cause them to break down sooner or later. These 
defects consisted of pockets in the middle of the com- 
pound between the connectors and the top of the box. 
Numerous laboratory experiments showed that the 
formation of these pockets was due solely to thermal 
reasons, and was not in any way directly attributable 
to the electric field. As a result of these troubles with 
compound-filled boxes we decided to use boxes with 
paper insulation. The latter type of box, which is made 
by hand by specially trained fitters, has completely 
displaced the other type and many thousands are now 
in the network, Some have been in use for more than 
three years, and so far there has been no trouble with 
any of them. I ought, however, to add that a certain 
number of the feeders which were provided at the outset 
with ordinary boxes filled with compound have never 
given any trouble, and that these boxes appear to be 
still in excellent condition when they are opened for 
inspection. This proves that it is not impossible to 
make compound-filled junction boxes for pressures of 
60000 volts; but lengthy laboratory investigations 
show that boxes with paper insulation, if well made 
have a factor of safety much higher than that of com- 
pound-filled boxes, and experience with the network 
undoubtedly proves that the latter type of box is less 
reliable than the former. 

The length of three-core metallized paper cable which 
has been in service for about 18 months has not given 
any trouble, and I am unable, therefore, to answer 
Mr. Brockbank's question—which we ourselves have 
asked—as to how metallized paper behaves when a 
short-circuit takes place. 

The problem of the type of cable to be installed for 
a pressure of 60 000 volts can be considered from three 
points of view, namely, the technical aspect, ease of 
operation, and the purely economic point of view. 
Generally speaking, I agree with Mr. Dunsheath that 
it is not practicable to use ordinary three-core cables 
for 60 000 volts. 

If, as pointed out by Mr. Hunter, variations in the 
layers of paper do not set up dangerous regions owing 
to want of uniformity, it is equally true, as has been 
stated by Mr. Vernier, that the elliptical field sets up 
stresses in the paper which are much more dangerous 
than the radial field of the single-core cable or of the 
“H” type of cable. On the other hand, when we 
consider the current-carrying capacity of these cables 
compared with that of the “ H” type and of single- 
core cables, the inferiority of the system is immediately 
obvious. A comparison, therefore, between three-core 
and single-core cables can only be legitimately made be- 
tween “ H ” type and single-core lead-sheathed cables. 

From the technical point of view, I believe that it is 
possible to-day to impregnate “ H” type cables as 
effectively as single-core cables, and that the factors 
of safety of these two types can be made the same. 
On the other hand, when replacing plain metallized 
paper by copper foil the current-carrying capacity 
of “H” type cables is easily comparable with that 
of single-core cables. As regards ease of working, I 
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consider that the single-core cable is greatly superior. 
The location and repairing of such faults as may occur 
are much simpler and more rapid, and therefore less 
costly. The claim of less congestion with three-core 
cables cannot be substantiated, because it leaves out 
of consideration the junction boxes, which constitute 
in the case of three-core cables a serious inconvenience 
from every point of view. Finally, the difficulties of 
laying are the same with single-core as with three-core 
cables. 

From the economical point of view, I venture to 
point out to Mr. Allen that it is perhaps risky 
to apply to a 60-kV cable the results obtained by ex- 
periments made on a 33-kV cable. In a 60-kV cable 
the losses in the copper, and, therefore, the additional 
losses in the lead, are roughly one-quarter of those 
for a 33-kV cable transmitting the same power. On 
the other hand, the capital outlay on our single-core 
cables, after allowing for the cost of installation and of 
the pipes, is slightly less than if three-core cables had 
been adopted. It follows that in our particular case, 
even on the assumption that the current-carrying 
capacities are the same, which is not always correct, 
it is advantageous for us to employ single-core 
cables. 

I now propose to reply to the questions of individual 
speakers. 

I can assure Mr. Hunter that some of our cables 
have occasionally, during the difficult period of putting 
into service, been subjected for periods of 15 minutes 
to surges up to 100 per cent of the normal capacity, 
and that these cables have later given no signs of weak- 
ness. As regards the switching on of cables through 
a special machine, this method was originally introduced 
when, for non-technical reasons, it was necessary, what- 
ever the cost, to distribute energy, and to nurse the two 
defective cables. This practice continued for some 
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time, but we were beginning to abandon it when I wrote 
the paper and we now follow it no longer. 

Mr. Highfield has rightly called attention to the 
difficulties of regulation which would arise in the case 
of long lines at very high pressures. In our 60-kV 
system, in which the longest cable is about 30 km, we 
have never had difficulties of that kind, and the positive 
and negative pressure-drops in these lines are, indeed, 
very minute compared with those which occur in trans- 
formers. The only difficulty arising from the capacity 
of the cables would be the self-excitation of the alter- 
nators during low-load hours. It is sufficient for us 
to cut off during the night all feeders which are not 
needed. 

Mr. Taylor is surprised at the relatively high loss in 
the lead sheath as compared with the theoretical loss 
which can be calculated from certain formule. I 
believe, indeed, that the formule to which he refers 
do not take into account all the factors of actual 
practice. The figures given in the paper are obtained 
by direct measurement of the losses in feeders actually 
installed and in operation. 

Many other speakers have mentioned their laboratory 
tests, more especially to bring out the advantages of 
three-core cables. I hope that they will not mind if, in 
common with Mr. Vernier, I reply that the best laboratory 
in which to obtain unassailable results is the network 
itself in operation. I have no wish to say anything 
against laboratory researches,“which I consider to be 
indispensable and have encouraged among my staff, but 
the experience of very nearly five years ‘has shown, 
unfortunately, that there still exists no criterion (pres- 
sure, losses, etc.) which enables one to be certain that 
a particular cable or junction box will operate normally 
and continuously in the network. 

There is much truth in Mr. Highfield’s jocular remark 
that '' science is still in its cradle.” 
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THE ELECTROSTATIC PROBLEM OF TWO CONDUCTING SPHERES.* 
By A. RussELL, M.A., D.Sc., LL.D., F.R.S., Past-President. 


(Paper first received 27th August, and in final form 2nd November, 1926.) 


SUMMARY. 


In continuation of his previous paper on the spherical 
condenser f the author discusses the capacities, the mutual 
actions and the field in the neighbourhood of two electrified 
spherical conductors. After a brief introductory statement 
of this historical problem an attempt is made to solve it by 
elementary theory. The magnitudes of the errors introduced 
by this method are pointed out. Accurate formule are then 
obtained by the method described in the preceding paper. 
These formule enable the capacity coefficients to be com- 
puted in all cases to any required degree of accuracy without 
difficulty. A few simplified formule which will be useful 
in practice are also given. The discussion of the mutual 
actions between the spheres shows that when their potentials 
or charges are of like sign the force between them may be 
attractive or repulsive, depending on the ratio of the poten- 
tials or the charges. In this case there are always two 
ratios of the charges and of the potentials which make the 
mutual force zero. Methods of computing the forces in 
other cases are given. Simple formule are found for calcu- 
lating the potential gradients at the points on the spheres 
where the line joining their centres cuts their surfaces. 
This tells us whether the charge on the spheres is all positive 
or all negative or partly positive and partly negative. In 
the Appendix a few more accurate but more elaborate 
formule are given. 


INTRODUCTION. 


The author shows how the numerical values of the 
Capacities, the mutual actions and the electric stresses 
in the neighbourhood of two electrified spheres, external 
to one another, can be computed to any desired accuracy. 
In the previous paper he showed how the required 
formule could be readily obtained from the geometrical 
properties of inverse spheres. He now expands the 
method to include the case of two external spheres. 
The object in view is to deduce formule suitable for 
computing the required values with the minimum of 
labour. These numerical values are of use in physics 
and engineering and are equally applicable in electro- 
Statics, in the theory of heat, in electric and magnetic 
conduction, and in the theory of hydrodynamics.{ 

From the engineering point of view, the most im- 
portant paper § previously published is that by Prof. 
William Thomson (Lord Kelvin) in 1853. It is difficult 
to follow, however, as numerous steps in the reasoning 
are left out. So far as they cover the same ground, 
the formule found by Thomson give the same numerical 


* The Papers Committee invite written communications (with a view to 
publication in the Journal if approved by the Committee) on papers published 
In the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 

T Journal I.E.E., 1926, vol. 64, p. 727. 

t Proceedings of the Physical Society of London, 1922, vol. 35, p. 25. 

§ W. THomson (Lord KELvin) * Reprint of papers on Electrostatics and 
Magnetism (1572)," p. 86. 
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values as those arrived at in this paper, but the com- 
puting labour is very much greater. To the mathe- 
matician, Poisson's solutions given as definite integrals,* 
Kirchhoff's in terms of elliptic integrals tf and those by 
Dr. Barnes (the Bishop of Birmingham) in terms of 
the double-gamma function,? will probably prove more 
interesting. 

At first sight the number of formule given may seem 
excessive. It was thought advisable, however, to give 
both complete and simple approximate formule, so as 
to make the paper useful for reference. It was also 
found necessary to give apparently quite different 
formule when the spheres are close together from those 
suitable when they are far apart. In a previous paper § 
the author did this, but unfortunately there was a 
considerable hiatus between the two sets of formula, 
which was only partially filled up by Kelvin's tables |! 
and those of the author.§ In the new formule given 
there is no gap. On the contrary, they overlap most 
satisfactorily throughout a wide range. 

Modern theory proves that electricity is atomic in 
its structure. In the old-fashioned theory given in this 
paper it is supposed to be practically continuous. The 
question naturally arises: To what extent are we 
justified in supposing, for example, that the capacity of 
two spheres touching one another and each of radius a 
is € x 1:386294362 ...a, where € is the inductivity 
(specific {nductive capacity) of the air? This question 
has not yet been settled. Everyday measurements give 
results which are quite satisfactory from the point of 
view of old-fashioned theory. It has proved verv 
useful in predicting the attractions and repulsions, the 
disruptive voltages and the charging currents in con- 
nection with spherical electrodes. It is hoped that it 
will prove still more useful when the experimenter can 
compute the quantities for himself. Even when making 
the most accurate measurements no inaccuracy due to 
the assumption of the continuous nature of electricity 
has yet been detected. When it can be detected, and 
this can only be done by one who knows the numerical 
values to which old-fashioned theory leads, a great step 
in advance will have been made. 

One or two small changes in the symbols used from 
those used in former papers have been introduced. 
This is quite justifiable, as the problem is only approach- 
ing the stage of standardization. Standardization intro- 
duced too early often leads to clumsy and ambiguous 
mathematical expressions. 


* Mémoires de l'Institut, May and August, 1812. 

f "Gesammelte Abhandlungen,” p. 78. 

* Quarterly Journal, 1903, p. 155. 

§ Journal I.E.E., 1912, vol. 48, p. 257. 

| * Reprint," p. 83. 

q Proceedings of the Royal Society, A, 1909, vol. 82, p. 529. 
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The general problem of determining the capacities 
and the mutual actions of two spherical conductors 
will first be stated, assuming that their capacity and 
mutual action coefficients can be computed. An 
attempt will next be made to compute these values by 
elementary theory, pointing out the magnitudes of the 
errors introduced by our assumptions. In this way, 
also, approximations to the value of the maximum 
potential gradient between the spheres will be found. 
The accurate formule will then be given. Finally, in 
the Appendix, one or two rather more elaborate formule 
are added so as to make the paper more complete. 


CAPACITY COEFFICIENTS. 


Let us consider two conducting spheres at a great 
distance from all other bodies. Let q}, g4 and t4, v4 
be their charges and potentials respectively. We know 
that the potential of every point of a sphere is the 
same and that the charge resides on the surface. If 
kir kj, and k,, be the capacity coefficients * of the two 
spheres we have 


qq = kiat + kitz and g, = Kota + Koy, - (1) 


where kı and kə are the self-capacity coefficients and 
kj», which equals kọ is the mutual capacity coefficient. 

If the radii of the two spheres are a and 6 respectively 
and c is the distanee between their centres, the values 
of kirp ko and kı depend only on the values of a, b 
and c and the inductivity € of the medium in which 
the spheres are immersed. In what follows we shall 
assume that € equals unity. When € is not equal to 
unity we have merely to multiply the computed values 
of the coefficients by €. 


POTENTIAL COEFFICIENTS. 
Solving the equations (1) for v, and v, we get 


vi = Puli + Pida and Vy = pg. + Pady - (2) 
a Pa = A? Die = Pa = AC (3) 


where Pi = 


Hence we deduce that 


kung + Kp 
kapiz + Kigm = 9, 


kopog + kP = 1 . (4) 
and kiipi kp =0 (5) 


CAPACITY BETWEEN THE Two SPHERES. 


In many practical cases q, is always equal to — Qo 
In these cases we have, by (1), 


2 
dioc 49. ls ky keg — kie 


vU; — Ug U` in + ko 2h 


= ————————— —— = a constant =C . (6) 
Pic Pog — 2Pie | 


We call C “the capacity between the two spheres,” 
and a knowledge of its value is helpful. It is sometimes 
convenient to write C(a,b,c) for C when we want to 
specify it more particularly. 


© J.C. MaxwreLL: " Electricity and Magnetism,” vol.1, $687; A. RvssELL: 
e Alternating Currents,” vol. 1, p. 146. 


If the two spheres are at a considerable distance 
from other bodies and are connected to the terminals 


of a battery, we have g} = — gp», and therefore 
% keg + Ae 
v) «xb +k d) 
2 11 12 


CAPACITIES OF THE Two SPHERES IN PARALLEL. 


If the two spheres are connected by a thin wire so 
that they are at the same potential v, then denoting 
Kay + hog + 2k; by Cp we have, by (1), 


qı +l =Cp VvV . . . . . (8) 


We shall call C, the capacity of the two spheres in 
parallel. We always have 


Pu + Pa — 2Py2  , 
C, = ky + ka + 2k. = ———————-*.8 
i D31219 — Pio 
Similarly in this case if we write 


q,-— C, and gy = Cy 


we have also 


C4, and C, may be called the individual capacities 
of the spheres when in parallel. 


THE ELECTROSTATIC ENERGY OF THE SYSTEM. 
The electrostatic energy of a charge q at potential v 


is jqv.* Hence if W denote the electrostatic energy of 
the system, we have 
W = 4q + fata ... ... . (1 
= Mu + 1st; + kovy. . 0. (M) 
cx ipu + Paa; + 2199199 - - (12) 
When q, = — q» = q, we have 


W = lp T Pa — 2519)2? = Es = iC(n = vo)? (13) 
And when t4 = ve = v, 


2 
W = 4C pt = Te 0. . (M 


THE MUTUAL ACTIONS BETWEEN THE Two SPHERES. 


Let us suppose that the spheres are insulated so 
that q} and gs remain constant, and that they move 
under their mutual actions. As the mechanical energy 
required for the motion must, by the principle of con- 
servation of energy, be taken from the electrostatic 
energy of the system, it follows that W must diminish. 
By (12) we find that 


oW o . 
p m Bye 42, — 17; — Bas. . - (15) 
oP oP opos 


If 93W[oc is negative, W diminishes as c increases, 
that is, as the spheres get further apart. The force, 


* * Reprint," p. 92; A. Russert: ‘‘ Alternating Currents, vol. 1, p. 147. 
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therefore, must be repulsive. Similarly when JW/dc is 
positive, the motion must diminish c, as W must 
diminish. Hence in this case the force is attractive. 
Therefore if we are given qı and q, and calculate Byjp, 
B, and B5 by the formule given below, we can tell 
whether the force is attractive, repulsive or zero. 
If F denote the magnitude of the force, Fdc = OW, 
and so 
oW 


PL 


= Bygpge — B19? — Bags . (16) 


When F computed from (16) is positive, the force is 
attractive. 

Let us now consider the case when the potentials v, 
and v, are maintained constant. In this case we have, 


from (11), 
dW 
com A ot, — Aq — Ayo? (17) 
he a _ Qn _ _ ytkee 
where 4,, = xt AQ = — b and A, — F 


We shall call the coefficients 4,,, 4, and Ag, Big 
B, and B,, the mutual action coefficients. We shall 
see later on that the values of the A coefficients are 
always positive and of the B coefficients always negative. 

Since v, and vg are constant we get by (10) 


oW = òq : 0g» 
3. lug Ph ems 


We also have by (2) 


d d dp op 
0 = Py t+ Pes tat tase. (a) 
ð ð ð op 
e Sen cA Ha tesis sd 


Multiplying (a) by qi, (b) by qo», adding and using (2) 
we get 


ð d 
La jou + v2 + Biggids — Bi — Bag 
C oc 
and hence by (a) 
oW 
me XM: (B19d109 ze B9? = B20?) 


and by (17) = A103 — Aq? — Agi. 

Thus (4,;5v;94 — Aw? — A,v2), when e, and v, are 
maintained constant, equals—(B,,9,d9 — B19? — B202) 
when qı and qo are maintained constant. Hence when 
v and v, are maintained constant the motion increases 
the potential energy. The force has the same magnitude 
and acts in the same direction whether we are going to 
keep the charges or potentials constant. But in the 
case of the charges the potential energy diminishes as 
the spheres move under their mutual action, while in 
the case of the potentials the energy increases. In the 
latter case the mechanical and electrical energy increase 
concurrently, the necessary power being obtained from 
the battery or generator. This is a particular case of 
Kelvin’s theorem.* 


* A. RussELL : '' Alternating Currents,” vol. 1, p. 150. 


THE ATTRACTIVE AND REPULSIVE FORCES. 


l The mutual force F acts in the direction of the line 
joining the centres of the two spheres. When the 
potentialş are maintained constant we can write by (17) 


F = — Aj(vy — av) (vı — vg) (19) 
2 
where a= iea e 
2A, 44? A, (20) 
2 d. us uu 
and B= Ay _ (2 Ae) 
2A, 44? A, 


and a and f are always real numbers. We saw in the 
last section that if F is positive the force is repulsive, 
but if negative it is attractive. 

Hence when the spheres are at a fixed distance apart 
and v/v, is greater than a, F is negative and the force 
is attractive. When v/v equals a, the force is zero. 
When it lies between a and fi repulsion occurs. When 
it equals B the force again vanishes, and finally for 
values of vj[v less than f the force again becomes 
attractive. 

When « and v are of opposite signs the force is 
always attractive. 

When v, and v are of like sign, and v, and c are kept 
constant whilst v, varies, F has its maximum repulsive 
value Fmar. when vi/vo = 245/A,5, and 


2 
4Ao zi 


Similarly when qı and qs are of like sign and q, and 
c are kept constant whilst ge varies, the maximum 
repulsive force is given by 
ENN Bis — 4B,B, o 
mar. —~ 4B. qı t i 


(21) 


F maz. TS 


(22) 


when q2 = Bj»q)/(2B5). We can easily prove that when 
the spheres are at a fixed distance apart, and qı and 
gz are of the same sign, the force between them can be 
attractive, repulsive or zero, depending on the value of 
the ratio ¢,/qp. 


WHEN THE SUM OF THE CHARGES ON THE Two SPHERES 
IS CONSTANT THE ELECTROSTATIC ENERGY IS A 
MINIMUM WHEN THEIR POTENTIALS ARE EQUAL. 


If the spheres are at a fixed distance apart, we have, 
by (12), 


W = ipu + ipe(Q — 93)? + P1291 — %) 


where Q =q, + q4. When Q is constant, it follows at 
once by the differential calculus that the electrostatic 
energy W has its minimum value when 


Deo — Pia 
gj mTM 
Py + Pag — 2P: 

The value of gg in this case can be written down by 
symmetry. Hence by (3) we see that when W has its 
minimum value, 

2 
Pubs P2 _ Q 


LJ Pen 


duce = Cy(a,b.c) 


Pu + Poe — 2P 
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Thus when Q is constant the potential energy has 
its minimum value when v4 equals vo. If therefore we 
have two insulated spheres at a fixed distance apart, 
and if v, be not equal to vo, then, on connecting them 
by a wire, part of the electrostatic energy will be radiated 
into space. 

The proof shows that the theorem is true whatever 
the shape of the conductors may be. 


THE POTENTIAL GRADIENT. 


If a line drawn through the centres Ag and Bo of the 
spheres cut their surfaces at L, M, N and P (Fig. 1) 


Fic. 1. 


the potential gradient will generally have maximum or 
minimum values at these points. If, for example, the 
potentials of the spheres are equal and opposite, the 
potential gradients at the points M and N will have 
maximum or minimum values. A knowledge of these 
values is of importance in determining when the spark 
discharge ensues or when the corona first forms. 


ELEMENTARY THEORY. 

Let us consider two conducting spheres X and Y 
(Fig. 1), the radii of which are a and b respectively. 
Let also the distance Ag9Bo between their centres be c, 
c being greater than a + b. If q, be the charge on X, 
the potential this charge produces at its centre Ag is 
exactly q,/Ja. The potential produced at Ag by the 
charge q} which is spread over the surface of Y will be 
approximately q,fe. When the distance between the 
spheres is large this approximation is obviously per- 


We should expect these formule to give roughly 
approximate values when c is small, and accurate 
values when c is large. 

Numerical examples.—Suppose that a = 1, b = 7 and 
c = 10. Then from (24) k,, = 1-075 (1-160), kso = 1:821 
(7-577) and — kj. = 0-783 (0-814). The true values 
are given inside the brackets. It is easy to get much 
more accurate formule than (24), but we are only 
illustrating the degree of accuracy obtainable by 
elementary theory. 

Other examples are: a = b = 1,c = 6, ky, = 1:0285 
(1:0294), — ki =0°1705 (0-1717) and a=b=1, 
c = 10, ky, = 1-0101 (1-0102); — kia = 0- 1010 (0-1010). 


THE CAPACITIES OF THE Two SPHERES. 


If C, denote the capacity of the two spheres when 
in parallel, we get by (9) 


2ab c? 
C = k k v = — —) 95 
p = hy + b ky = (a+b — —). — 25 


When a = 8, this becomes 


2ac 


Me aes ] 26 
Pate (aR 


Similarly if C be the capacity between the spheres 
we get by (6) 


C= abc (27) 

= c(a ER b) = 2ab " " è Py ai 

When a = b, Ces og 1 x ye B) 
2(c — a) 


As a numerical example, take a = l, b — 7 and 
c — 10, then by (25) 
m C, — 6-667 (7-108) 


and by (27), C — 1:061 (1:143) 


As a further numerical example let us take a = b = 1, 
then by (26) and (28) we get the following table : 


C 2-000 3 5 6 10 Very large 
Cp by (26) 1-333 1-500 1-600 1-667 1-714 1-818 2-000 
Cy, true value : 1:386 1:514 1:605 1:669 1:715 1:818 2-000 
C by (28) "A id 2 0-750 0-667 0-625 0-600 0:556 0-500 
C, true value .. Very large 0-768 0:671 0:626 0-601 0-556 0-500 


missible. Since every point in X is at the same poten- | THE MUTUAL FORCE BETWEEN ELECTRIFIED SPHERES. 
tial v, we have, approximately, By (17) and (24) we get for the force F between the 
spheres 
v = 2 + da and similarly v, — da +. n . (23) P 
a -C b Cc ab(c?+ab) | " a?cb v? b2ca V2 2192 (29) 
Hence by (2), », = la, Pog = 1/b and pig = Pa = Me. — (c—ab) 12 (c2—ab)? P (ci —ab)? 2g 


Hence also by (1 E 
PEE ASRI LN It will be seen that when c is large compared with a 


0B 
ky — at L ; ka = b+ a = and b, Coulomb's law is approximately true for spheres. 
NEC era (24) | From the more accurate formulae given below it will 
and ee ee ab as ab ab be seen that (29) is inaccurate when the spheres are 
12 e © c c-ab close together. 
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If both q, and q, are positive and equal to g we may 
write, when q is a constant, 


r- gÈ 


The true values of f in a few cases when a = b = 1 
are given in the following table : * 


It is important to know how f is calculated. We shall 
therefore show how its approximate value can be readily 
found. 

Let us suppose that the spheres are equal and that 
their potentials are 3V and — $V respectively. The 
points M and N (Fig. 1) on the surface of the spheres, 
where the potential gradient has its greatest numerical 
values, are the points where the line joining the centres 


—— | ——— ar rrr | MM Áá——Í— 
LL D ————————— | —— —— ff 


0-615 0-618 


Formula (29) makes f unity at all distances. 

When the ratio of q, to q} is not unity the error 
introduced by using (29) may be much larger. Snow 
Harris says on page 95 of his “ Rudimentary Elec- 
tricity " (1848) that “it is by no means uncommon to 
find similarly electrified bodies repel at one distance 
and attract at another." Any satisfactory theory, 
therefore, must explain this phenomenon. To Thom- 
son f belongs the credit of having given the first satis- 
factory explanation of it. 


THE POTENTIAL GRADIENT BETWEEN SPHERES. 

It has been shown that a disruptive discharge 
between equal spherical electrodes in air, at 25? C. and 
76 cm pressure, takes place when the maximum electric 
Stress RH, in the air is given by 

Rmar. = 27:4 + 14-1f+/a in kV per cm (30) 
where a is the radius of either sphere measured in 
centimetres, provided that the spheres are not very 
close together or very far apart. In order to utilize 
(30) it is necessary to be able to calculate R,,,, for a 


of the spheres cuts their surfaces. Hence if + q and 
— q be the charges on the two spheres respectively, 
we have 

—— approx. 

(c — a)? 

where c is the distance between their centres and a is 
the radius of each sphere. But we have 


q 
BM =t 


è 


q 

= rox. 

2 a c—aà vi 
Hence, putting c = 2a + x, we deduce that 


V 
Ry = p 


(32) 


where 


rt+a 
=} 
f ( a a atz 
Although in the proof we have assumed that the 
spheres are far apart, the formula (32) is approximately 
true over the whole range. The following table illus- 
trates its accuracy : 


) approx. 


E 0 1 2 4 5 6 10 20 
n 
f by (32) 1-000 1-250 1-667 2-125 2-625 3°083 3:571 5-540 50-51 
True value off.. 1-000 1:359 1:770 2:215 2-678 3:151 3-632 5-587 50:51 


given voltage V and for various values of the distance 
x(x = c — 2a) between the spheres. The ordinary way 
of finding the value of V is to write 


V 
R —-—f. 31 
mar, = —f (31) 
This equation defines f, and its value can be found 
from tables.§ We shall see later on that the value of 
R depends not only on the difference of the potential V 
between the spheres, but also on their absolute potentials. 
If an alternating potential difference is applied, V is the 
maximum and not the effective value of the voltage. 
* Journal I.E.E., 1912, vol. 48, p. 266. 
ft “ Reprint," p. 83. 


Journal 1.E.E., 1919, vol. 57 (supp.), p. 223. 
A. RUssELL: ''Cables and Networks," p. 244. 


A wonderfully simple formula for f has been suggested 
by G. R. Dean,* namely 


EE: 


This gives f over the whole range with a maximum 
inaccuracy of less than 1 per cent. 

We can show in a similar way that when the potential 
of the sphere X (Fig. 1) is V and of the sphere Y is 
zero, and if 


(33) 


V 
Ryu = fi 
x a 
then J= 2 + Sa approx. . (34) 


* General Electric Review, 1913 vol. 16, p. 148. 
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For example : 


= 0 1 9 3 4 5 

e 
f, by (34) 1-000 1:500 2-333 3-250 4-200 5:167 
True value 1:000 1:517 2-339 3-252 4-201 6-167 


The maximum inaccuracy is only about 1 per cent. 


ACCURATE FORMUL#Z FOR THE CAPACITY COEFFICIENTS. 


In Fig. 2 let Ap, Bo be the centres of the spheres X 
and Y, the radii of which are a and b, and let AgBo be 


Fic. 2. 
The sphere with centre A, is the inverse of Y with respect to X. 


Its radius is ay. : 
AoQ e AoR = gi 


c. It is sometimes convenient to denote a and b by 
ag and by. Let also A, be the centre of the inverse 
sphere of the sphere Y with respect to X, and let a, 
be its radius. Similarly let A, be the centre of the 
inverse of X with respect to the sphere whose centre 
is À, and let a, be its radius. Proceeding in this way 
we get a series of inverse spheres inside X the centres 
of which are at A,, Ag, . 

The author has already proved * that if the spheres 
were removed and point-charges a,, ag, . . . were placed 
at the points A, A, ...and certain charges q} 
qə, ... were placed at points M, M, ...in the 
sphere Y, these points being the inverse points of A,, 
A ... with respect to X, then the spheres the centres 
of which are Ag and A, are equipotential surfaces of 
the system of point-charges ag, a,,...and qi, qo.. 
The potential of X is zero, and of the first inverse sphere, 
the centre of which is A,,is unity. We also proved 
that if K(ag, a,, xı), where x, = Aj,AÀo, denote the 
capacity of the condenser the bounding surfaces of 
which are the spheres the centres of which are A, and 
Ao, we have 


K(ag, a} 7}) = 4, + 4, taz+.... . (35) 
Let us denote AgA,, by x, and BgM,, by Yn. We have,t 


cy, = A 
: 36 
ipe LU uta Ds 


x(c vx Yı) eat. 
z4(C — Yn) = a? ; 


From Fig. 2 we see that z,/a, = cfb, and thus 


€) 9 
a-b d a-c 
z and z,-— ——. 
eg 5 1 dab 


* Journal I.E.E., 1926, vol. 64, p. 734. 
t Loc. cit, 


a, = (37) 


The points M,, Mg, ... are the points considered by 
Kelvin,* and thus 


y 
— Qn — aeq s Tn] = n-i - . (38) 
=a . . . (39) 
Zn 
Hence pat. a 2 65.40) 
b Yn 


In addition to the point-charges considered above, 
put a charge ag(— a) at Ag. Since the spherical surface 
X is an equipotential surface of the charge ag by itself 
and also of all the other charges taken together, we see 
that it is the equipotential surface of unit potential of 
the whole system of charges. 

Now Y is an equipotential surface of the pairs of 
charges do, Q4; GO, Jẹ... It is therefore an equi- 
potential surface of all the point-charges, and its potential 
will equal the potential at N. It is therefore equal to 


a | qd On—1 Qn 
c—b c—y, ED e oe bee 
Qn—1Y)n Qn 
=... += + +. 
b? — byn b — Yn 
Yn [(92n-1 Qn 
=. + BE + Hye... 
b-y,\ b Yn 
= 0 by (40) 


We therefore see that the field between the spheres 
produced by the point-charges is identical with that 
produced by two solid spherical conductors X and Y, 
at potentials 1 and 0 respectively. By (1) the charge 
on X in this case will be kj, and the charge on Y will 
be kj. The charges on these spheres equal the sum of 


the point-charges which they enclose. Hence 
ka =Q +a, +a, +az +... . . (41) 
— ky = + % 43 + Pee ee 
zug n doa ae inu 
Tı To T3 
=m +m +m +t... (8) 
ay 
where n, = a—- 
n 
From symmetry also, 
ka, = bo +O, +b + O34... . © (48) 


where b, can be found from the formula for a, by inter- 
changing a and b. 


* A. RussELL : ‘ Alternating Currents,” vol. 1, p. 237. 
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It is interesting to notice that the values of ap, b, 
and m, are all roots of the difference equation 


(44) 


They are conveniently determined in succession by 


its use. The first two initial values are given by the 
following equations :— 
ab 
ao =a; bo = bj m =— 
cm (45) 
| ab E ba _ abl 
Ama A aa "RA 


Kelvin suggested this method and used it for com- 
puting the coefficients when the spheres are equal. He 
did not, however, give the geometrical meaning of the 
terms in the series. 

Numerical example.—Let us consider the system 
(1, 7, 10), that is, two spheres the radii of which are 
l and 7 respectively at a distance 10 apart. In this 
case, 


ab 7 7 


N a Ot 00 


and by (45), ag = 1, a, = y'r, and thus, by (44) 


-= — =r l 
d 79 ao 7 7 
49 
dh 25507 
and hence a, 2601 
1 50 1 343 
in^. ct fae PE ai th = ———,, and 
Similarly d. 7a, a, and us Q3 124 707 
hence by (41) 
7 49 343 
= E Rec ... = 1:157 1-160 
hy = l +i + Zso + (24707 ^ ias 
Similarly 
poo 29, 908 2401 
~ 1? lo © 500 24510 1201000 
— 0-8140 (0-8143) 
and 
49 343 2 401 
COE pel lcm 5 > 
ky = 7 99 4901 240199 = Sene 


The true values are given in the brackets. If the 
lengths are in centimetres the coefficients are given in 
electrostatic units. To reduce to microfarads we divide 
by 900 000. 

By taking more terms we could increase the accuracy 
to any required degree, provided that the spheres are 
not too close together. In this case this method of 
computation becomes impracticable. In all cases, 
however, it is much better to use the methods given 
below. 
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THE COEFFICIENTS IN TERMS OF CONDENSER CAPACITIES. 
It follows at once from (35) and (41) that 
ky = 69 + K(ao, Qj» €i) 
a? c — b? 
or kula, be) =a a RE. b, e). (46) 


since K(ma, mb, mc) = mK(a, b, c) 


We can then compute the capacity of the condenser 
in (46) by the methods already given.* 
In general, we have 


ky,(a, b, c) =A9 +O, + ... + an-ı d- K (a4 — 1, Gn, Cn) d (47) 


where c, = Sanin 


Similarly, we have 


— kala, b, c) = m, + K(m, m, m, . . . . (48) 
=m +m ++... + ma-, 
T K (Mai My, Mn) vo m m ors (49) 
and 
kyla, b, c) —bg--b14- ... +bn-1+K(bn-1 bn, 0.) . (50) 
; C 
where c, — ap inbn-1 and bo — b. 


Except when the spheres are very close together the 
condensers specified in (47), (49) and (50) approximate 


rapidly to concentric condensers as n increases. After 
a very few terms, therefore, we can write 
K (a5 —3, an, Cn) = K(an—1, an, 0) approx. 
G, — 1d 
= n—1%n (5 1) 
Gn— 1 — On 


Numerical example.—Let us consider the system 
(1, 3, 5). By (46), we have 


k(l, 3, 5) = 1 + 4,15 K(10, 3, 5). 
We also have f 


p a? — c 
K (a, b, c) = b + 3 3 a, o) (52) 
Using (52) we get 
k(l, 3,5) =1 4+ 4 3 K(77, 16, 5) 
ae ee 16 16 x 37 dx 
= l + e + a'r approx. by (51) 
= 1-2367... 
Similarly we can show that 
ab ab 
—k b = — + -—K ; 
12(4, , c) c Hs cÀ (A, l, 1) (53) 
^ -——Ó MÀ 
where À = E oe 
b2 F P- 
and ks (a, b, C) = b + 3 b , a, o) (54) 


* Journal I.E.E., 1926, vol. 64, p. 732. 
t Ibid., 1926, vol. 64, p. 732, eqn. (29a). 
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Thus — k(l, 3, 5) = ł + j'& K(5, 1, 1) 

= 3 + 35 + z$s K (24, 5, 1) 
0:7516... 
These numbers can be deduced at once from those 


given by Poisson in 1812. We also find that kp 
= 3-4719. 


THE CAPACITY C BETWEEN THE Two SPHERES AND 
THE CAPACITY Cp OF THEM BOTH WHEN IN 
PARALLEL. 


The values of C(a, b, c) and of Cp(a, b, c) are given 
in terms of the capacity coefficients by (6) and (9). 
Similarly when we know the capacity coefficients we 
can find the component capacities C, and C,. When, 
however, the spheres are equal to one another the 
values of C and C; can be expressed in terms of certain 


spherical condensers and so found directly. In this 
case we have C, = C, = 1C,. 
We have 
a a 
C(a,.a, c) = ME, — ky) = 5 + gE lc. a, a) . (55) 


and 


2 — Jq? 
Cp(a, a, c) = 4C(a, a, c) — “o(a, a, ——) . (56) 


Hence C, can be found by (56) and (55). 
For example, 
C(1, 1, 4) = $ + 4K(4, 1, 1) 


l ] 1 1 
—7g*8*39*113 * 13408 209, 86, 1) 
= 0-6705299 v 
We also have 
C,(1, 1, 4) 4C(1, 1, 4) — 2C(1, 1, 14) 


— 1:6051662... 


The capacities can also be calculated from published 
tables,* by means of the formula 


C(, 1, c) = — $y (c + 2), 1, y (c (57) 
Thus C(3, 3, 21) = Miis 1, 7) 
9 
= — shall, 1, 3) 
= 1:75086 ... 


And similarly we can show that 
C,(3, 3, 21) = 5:2518 approx. 


CAPACITY BETWEEN A SPHERE AND A PLANE. 


Let us suppose that we have a sphere of radius a, 
and that the distance of its centre from an infinite 
plane is a + x. Then we see by considering the image 
of the sphere in the plane that the capacity C' between 
the sphere and the infinite plane is given by 


C’ = 2€(a, a, 2(a + z)) . (58) 
and by (55) 
a 
=a+ sara + x), a, a} (59) 
* “ Reprint," pp. 96 and 97. 


t Proceedings of the Royal Society, A, 1909, vol. 82, pp. 529 and 550, 


For example, if a = 4 and x = 1, we have 


4 
C' = 4 + —K(10, 4, 4 
+ 155 ) 
= 7:1135848 ... 
When z is large compared with a, (59) may be written 


a? 
2r +a 


C’=a+ (60) 


Thus when x = 90 and a = 10, (60) gives us 
C’ = 10:52632 ... (10-52639...) 


SIMPLIFIED FORMULZ. 


When the distance between the spheres is not small 
compared with the sum of their radii, the method 
already exemplified by (47) and (51) leads to the follow- 
ing formule, which the author has found very helpful :— 


a?b a3p? 


ka =a +- ta 


a‘p8 


n dê — abd* — 2a?c?d? + a$c*(a + b) 


(61) 
approx. where d? = c? — b?. The last term gives a 
most accurate summation of the rest of the series. 
Similarly, we have 
" ab H a?b? 1 
"oe oft © of ft — 
where f? = c? — a? — b? 
The value of k,, is found at once by interchanging 
a and b in (61) and writing d? = c? — a?. 
For example, using these formule, we get 


Kk, 7, 10) = 1-1601124... 
— k,(1, 7, 10) = 0-8143260 . . . 
and koo(1, 7, 10) = 7:576597... (7-576585...) 
When the radii of the spheres are all equal to unity, 
the formule become 


1 l l | 
=] +——— 
i RE Zai eg 341* (cà—3)?—2 a 
and 
je d - o) 
| 012". ec—2) c((?—2)?-—($-—1)' f 


In this case kọ = ky). 
For example, by these formulæ we calculate that 


k(l, 1, 2-5) = 1-253018 . . . (1-253022) 
— k(l, 1, 2:5) = 0-525337 . . . (0-525373) 


For greater values of c the formule (x) and (y) can 
always be used. Even when c is as small as 2:2 they 
give 


ky, = 1:4308 (1:4313) and — ky = 0:7222 (0:7238) 


Equal spheres close together.—For values of c less 
than 2:2a, the formule (60) and (61) become inaccurate. 
In this case we compute the values of the coefficients 
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by the following formule, deduced from the general 
formule (134) and (135) given in the Appendix :— 


| E 
1 — 0-981755 + 0- 170577 — 0-0061837; 
. (63 
i (1t * ta - Taoa)! 0 EN 
and 
- x 
— -E — 0-288608 + 0- 0967127 + 0-003570 
TE 
— — —— ) log,- . (64 
3s i(1 a 6a ae) 0B 4] 


where x = c — 2a = the distance between their centres. 
We can also deduce k,,(a, b, c) from (64) as follows * :— 


kızla, b, c) = kiala, a4, cy) 
(a — by? c 
where a? = ab { 1 — — and e = ap 


The smaller the values of x the more accurate are 
the formulae (134) and (135), and so also down to a 
certain limit are (63) and (64). But however close the 
spheres are, the latter formule give a six-figure accuracy. 
For example, we find by their use that 


when x = 1, 


k(l, 1, 3) = 1-14624 (1: 14629) 
3) — 


— k(l, 1, 0: 38889 (0- 38908) 
when x = 0:65, 
k(l, 1, 2:5) = 1-25298 (1-25302) 
— kə(l, 1, 2:5) = 0°52534 (0-52537) 


when z = 0-05, 
ky,(1, 1, 2-05) = 1-745432... 
— k,,(1, 1, 2:05) = 1-048617... 


It will be noticed that the formule (63) and (64) over- 
lap in the most satisfactory manner with (61) and (62). 
We deduce from (63) and (64) that 
Cp(1, 1, 2 + x) = 2(k + kio) 
= 1-380629 + 0:14772x — 0-0195002z? (65) 


For values of x less than ] this simple formula is 
very accurate. Even when the distance x between the 
spheres equals 2—the diameter of either—the error is 
less than 1 in 1000, and when it equals 3 the error 
is still less than 1 per cent. For the capacity C between 
the spheres we also have 


C(1, 1, 2 + x) = 1k, — ky) = cu + 0-13364z 


— 0-00130622 + (1*5 g log,z . (66) 


Ta 
~~ 180 
This gives C(1, 1, 3) = 0-7675 (0-7677). For smaller 
values of z, therefore, (66) can always be used. 
Spheres touching—When the spheres touch one 
another and a is not less than b, we can writef 


26 


a + b) (a + xd 
b b 
zi cen) 4 oor) 


+0: o167(—— = ~y 4+0 904( —— - —3)) 


very approximately. 


* Proceedings of the Royal Society A, 1920, vol. 97, p. 166. 
+ Proceedings of the Physical Society o London 1925, vol. 37 p. 282. 


C,(a, b, a + b) aed a 


(67) 
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For example, when a — b — 1, we get, by (67), 
C,(1, 1, 2) = 1-386295... 
The true value is 2 log, 2 = 1-3862944, approx. 


When a = b, the inaccuracy of (67) is a maximum. 
As further examples 


C,(1, LE 11) 3Cp(5, l, 6) 

1-0114043 ... 

$ log. 6 F č loge 2 

Cp(l, s, 155) = 1Cp(10, 1, 11) = 1-0018191. . . 


The mutual action coefficients.—From (47) and (51) 
we get, approximately, 


1 
ky = ao d, +a +... b 08-1 1 1 
an = (0$ — 1 
Hence, differentiating with regard to c 
dki , / 
NL E ui E o t. ; , 

u^ S isl 
a2 a? , 

n n— 

te 10 1 (68) 


Qa 
where a. c 


Qc 
The greater the value of n the more accurate is the 


formula. By writing bp, b, for a, and a, in (68) we 
get — 24, Similarly by writing Mp, m, for as, a, 
in (68) we get Ajo. 
We also have, from (44), 
u’ u u 
EPN el ale n (69) 
ut u$. 0b uy-i Ù- 


where we can write for u, and u’, a, and a,, b, and b, 
or m, and m,. 

Having found a,, b, and m, by (44) and (45), this 
formula enables us to find a, [a?, and therefore a, etc., 
successively, for we know that 


, . ’ 7 , ab 

a,=9; b)=0; | dis gx m 
2a?bc — 2bac  , abl 2 (70) 

a7 (epee? S a 2 874 X 


When the spheres are each of unit radius we find 
by (x) and (y) that 


A,=A, 
_ 1 2c2 —3 3(c? — 1) e (71) 
zi [z D? pe 3) + TE 3)2— 2}? 

and , : 

—9 5(c* — 3 1 
As-5| 1 12S 5 tea | approx. (72) 


provided that c is not less than 2:5. 
Putting c = 2:5 in (71) and (72), we get 


A, = 0-34844 (0-34864) and Ay, = 0-41224 (0-41260) 
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When the equal spheres are close together we get, 
by (62) and (63), 


A,=- you = = — 006445 + 0-005489z 
= H(i - is) log. = (73) 
and 
Ay = a = > — 0-055046 — 0-008529x 
-w-i)eel + ce 


When z = 1, we get 


4, — 0-06604 (0-00592) 
and Aj, = 0-1864 (0: 1862) 
When z = 0-5, we get 
A, = 0-17433 (0- 17424) 
And when z — 0:1, 


A, = 


and 


1- 13845 (1: 13844) 
2 -34880 (2- 34878) 


THE ,MUTUAL FORCE BETWEEN Two EQUAL SPHERES. 


When the distance 2 between the two spheres is not 
greater than the radius a of either, we get by (17), 
(73) and (74), that the mutual force F is given by 


Pe m 2 
pales {1 — 0-2201837 — 0-034116% 
8a a a? 


x 1 x )! a 
ral Isa) ^5 
x 

T { 0-03693 — 0-009753 V (oj Si v>) (75) 
where v, and v, are the potentials of the two spheres 
and z —c — 2a. When F is negative the force is 
attractive and when F is positive it is repulsive. By 
(2), the formula (75) can be at once expressed in terms 
of the charges q, and q,.* 

If x and a be measured in the same system of units 
(e.g. inches or centimetres) and v, and v, be measured 
in electrostatic units, F will be given in dynes. If w 
and v, be measured in volts (one electrostatic unit 
= 300 volts) we shall have to divide the value of F 
found by (75) by 90000 to get the value in dynes. 
When v, and v, are measured in volts, then to convert 
the value of F given by (75) into grammes weight we 
multiply it by 1-132 x 10-8, and to convert it into 
pounds weight we multiply F by 2-4965 x 10-11, 


Numerical examples. 
(1) Let vj = v, = V, then, by (75) 


when x =a, we have F = 0:05435V?(0- 05414 V?) 
and when x = ła F = 0-06412V? 


(2) Let v, = — v, = $V, then 
whenz =a F = — 0-07938V? (— 0-07945 V?) 
and when z = la F = — 0-19027V2 


Notice that v; — t2 = (d — g:)/(ki1 — hie) = (41 — q2)/(?C). 


(3) Let v, = 0, v, = V, then 


when z =a F == — 0-06600V2 ( — 0-06592 V4 
and when x = ja F = — 0:17424V? 


For values of z less than 3a, the values of F found 
by (75) are very accurate. 

Let us suppose that V, the potential difference between 
the electrodes, is 1 million volts and that v, = — v, 
= 500 000. Then when z = ja the force is attractive 
and equals 4-75 lb. weight. If v, = v = 10 volts the 
repulsive force is 1-601 Ib. weight. When v, = 108 volts 
and v, = 0, the force is attractive and equals 4:35 Ib. 
weight. If the voltage difference had been 10 million 
instead of 1 million the forces would be 100 times as 
great. 


FORCE BETWEEN EQUAL SPHERES WHEN VERY CLOSE 
TOGETHER. 


If xja is negligibly small compared with unity and 
F is the mutual force between the spheres we can write 


a(V, — V,)? 


F = 0-01846(V, + V4? — (a) 


8x 
and 
2 E 2 
F= 0-03842 1.7. 99) FEED ro (B) 


a 2 
2az(2-541 + log, 2) 


In these formule, when F is negative the force is 
attractive and when it is positive the force is repulsive. 
We see, for example, that except when V, and V, are 
very nearly equal to one another the force is attractive. 
Similarly except when q, and q, are very nearly equal 
the force is attractive. 

We deduce from (a) that when the spheres are very 
close to one another the mutual force vanishes and 
their equilibrium is neutral if 


V, 2-602 + V/(2/a) E 
V, 2602 — (xa ^ ^ "^ ? 


or its reciprocal. 


COMPUTING THE GRADIENT OF THE POTENTIAL 
COEFFICIENTS. 


By (3) we find that 


l 1 
— = (1 — yku; — = (1 — y?k 
Pu yy Pog l y 22 
and — = — (1 — 32A . (76) 
212 


Ə 


where y? = ik and y is the electrostatic coefficient 
11" 22 
of coupling. Hence the potential coefficients can be 
readily found when the capacity coefficients are known. 


We also have 


B, = PogPygA 1g — Pioda — PipAy -. -. e + (78) 


-] 
e 
w 


and Bj, = 2py(pj4, + Pogde) — (PuPe + 22,438 ( 
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Thus the mutual action potential coefficients can be 
easily found when we know the mutual action capacity 
coefficients. Their values are always negative. 


MAXWELL'S FORMULAE. 


The values of Pı} Pog and p,, can also be computed 
from Maxwell’s formule * when the spheres are not 
close together. In the particular case when a = b = 1, 
we can write 


1 1 1 
1 2 
and Pa ot Be — 1) t aaa P 0H 


For example, putting c = 2-5 we get 
Pi, = 0:9694 (0.9683) and Pı = 0:4064 (0-4060) 


Therefore, even when c is as small as 2-5 the in- 
accuracy is only about 1 in 1 000. For all values of c, 
however, we can by (70) to (79) deduce their values 
from the corresponding capacity coefficients. 

Numerical example.—Let us suppose that a =b —1 
and that c = 2-1. Then Kelvin f gives 


k, = 1:58396 and  — ki = 0-883952 (corrected) 
A, = 1:13844 and Ag = 2:34878 


Since the spheres are equal 


1 1 l l 
2 L L Qe7N0dd | 9.AR"ZAR 
Pa SE, die ky My 070044 | 2-46748 
and 
E po 1 l 
Pr = ka t kg ky — kig 0:70044 — 2 46748 


Thus Piu = 0-91647 sie ce 
Substituting in (77) and 
Poe = Pi and A, = A,, we get 


and pı = 0:51120... 
(79) and noticing that 


B, = — 0-15330... and B; = — 0-45316... 


Substituting in (15), we get 


F = 0-1533(q¢? + 95) — 0°45329,9, 
= 0-1533(¢, — 2:5619,) (qı — 0:390g,) . (82) 

Thus F vanishes when qj/g, is 2:561 or 0-390 and 
the force is repulsive when the ratio q,/q, lies between 
these values. The maximum repulsive force when qi 
is maintained constant occurs when q, = 1:475q, It 
is then equal to 0- 180247. 

If we substitute q} = 1:584v, — 0:8835v, and qə 
= 1-584v, — 0-8835v, in (82) and change the sign we 
find the value of F in terms of v, or v, or directly 
from (17) 


F = 2-349v,v, — 1-138(v? + v3) 


= — 1-°138(v, — 1:287v) (v; — 0:777) (83) 


* ‘Electricity and Magnetism,” vol. 1 chap. 9, t Loc. cit. 
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Thus when vj/v, lies between 0-777 and 1-287 the 


‘force is repulsive, it vanishes when it has either of these 


values, and attraction takes place for values of the 
ratio outside these limits. 

The potential gradients.—A knowledge of the numerical 
values of the potential gradients at the points L, M, N 
and P (Fig. 3) is both useful and instructive. To find 


L Ao A\Az C i 


Fic. 3. 


Potential of X = 1 and potential of Y = 0 
ApAa = Z4, BoMa = ya: (C — Yn) Zn = G3, (c— za —1)ya = b? 


The point-charges at Ao, Ap Ag, . ee Mi Ms, « - . are ao, a5, ae, . . œ 
— Mı, — Mg, eee 


their values we first suppose that the sphere X is at 
unit potential and that the potential of Y is zero. We 
have already seen that so far as the electrostatic field 
outside the two spheres is concerned we can suppose 
that the spheres are removed and replaced by definite 
point-charges placed at fixed points on the line joining 
their centres. We suppose that charges ao, @,, Gy, . . ., 
— Mı, — M, ... are placed at the points Ag, A,, Ag,... 
and M,, M, ...respectively. The component of the 
potential gradient (the electric force) at any point Q 
due to the charge a, at A, is found by dividing a, by 
(A,Q)? and it acts in the direction A,Q. Finding the 
resultant of all the components we get the potential 
gradient at Q when the potentials of the spheres X 
and Y are 1 and 0 respectively. If we multiply each 
of these charges by V, we get in a similar way the 
potential gradient when the potentials are V4, and 0. 
We find similarly the potential gradient when the 
potentials of X and Y are 0 and V, respectively. Super- 
posing the two systems of electrification and finding 
the resultant of the two electric forces acting at Q bv 
the parallelogram of forces we get the potential gradient 
at Q, when the spheres have the potentials V, and V, 
respectively. 

Let Ry denote the potential gradient at M. 
the potentials of X and Y are V, and 0, we have 


When 


a a. 
1 | 
2 


(a — 24) at: 


, ao 
Ry = Ee — 2 MEN 
M T a (a — 2) 

Ha EEL RENI NEU: RENE is } 
(c — yı — a)? (c — ys — a)? 
Noticing by (36) and (39) that c — y, = a?[x, and 
m, = aa,[x,, we deduce that 
Gta) Ja a+zx,)a D) 
Ry= {148% , rae ae NE zt... (09 
(a — zn)” 
The values of a, and of z,/a,, and consequently of 
Xp, can be computed successively from the equations 


and Z = AC 7-2 
Og —9 ay 


1 1 
— =À 


an an- 


an--1 Gn- 
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2 2 2 
ct — at — b x x 
where À = ———— —— ; ~2 1 
ab a9 
a?b 
a, = ——: 
1 c? — b2 


Similarly, we have 


d ELA (a — 24)04 (a — z,)05 D 
Beato t Jj (85) 
, Vif (b+ v)m, , (b + y) mM ) 
uc geld M In ~ pus 86 

=EL by t 6-w FS 
ea (b — Y) Mg 7 

— Rp = —_—1 + ——-? 3 ah 87 

n 3 b+ y? ul" + Yo)? E j: ( ) 


When V, is positive it will be seen that the charges 
at N and P are negative. Hence all the charge on Y 
is negative. 

. We compute the values of m, by the equation 


Mn Th LP 


where m, = ab[c and m, = ab/(cd). 
We also have by (36) 
b*(c — Un — 1) b? 


and y =— 


= c(c — y.-,) — a? c 


Hence we find successively y,, ys, . . . 
We have now to consider the case when Y is at the 
potential V, and X is at zero potential (Fig. 4). 


se 


Fic. 4. 


Potentia] of X = 0 and potential of Y = 1. 
BoBn = En, AoMn = 94; (c — MnlEn = b3, tc — E .1)n4 = at 
The point-charges at Mi, Ms, ees Bo, Bj, Bs, . 


bo, bi» bg, ».., and nta. = aU" = b—: 
tn En 


. are — Mi, — n», ..- 


In this case the point-charges Vabo, Vabis Vabo... 
. are at Bo, B,, B,,... and M, 


2%, — Vm, .. 
Mp, . . . respectively. 

Let BB, = Én and AgA, = yy. Then bp, £, and Na 
can be deduced from ay, £p and y, by interchanging a 
and b. Their values are found by exactly similar 
equations. For example, (36) becomes 


(c — ME =... = (c — mE, ze (88) 
CH, =... = (e — Én- =... = a? 
and we have 
1 1 
b A oe and Ën = ES s En- 
n n-—] bn-2 bn bn—4 bn-» 
o & 0. Lo. ba 
m = 0, a bo =b and b =2_@ 


It is useful to remember that jt = =m, by (42). 
n 
: a?(c — T.) a? 
e also have 7, Cer a EE and 9, = - 


Denoting the potential gradients at L, M, N and P, 
in this case, by Ri, Ry, R N and Rp, we can write down 
by symmetry 


QF£ 


- Rp = [mm (a — "3 |, — Y (gg) 


(@ + 0)? (a + 73)? J 
xe Ry = a{f Tom, , (a + 7m, die L (90) 
a (a — 7)? (a — Ne)" =i 
" V (b + £)b , (b + &)b ` 
Ry = —? 1) WS 91 
vei E + X RE E ) 
and 
"Vf. 6 — éb é,)b | 
rym 2Sa 5 — Ebr , (b— éb, Y g 
poU ieee SEES PENES 


Hence when the spheres are at potentials V, and V, 
the potential gradients at L, M, N, and P are given by 


R,=R,+R, Ry Ry + Ry | 


po EL u SML (93) 
Ry = Ry + Ey, Rp = Rp + Rp j 


When n is large and the distance between the spheres is 
not small, z, approaches its limiting value d rapidly as 
n increases, and d is given by l 


d = y (@ + r?) —r 
c?r? — 4s(s — a) (s — b) (c — s) . . (94) 
and 28 =a +b +c f 
Similarly in this case y, approaches a limiting value h, 


where 
h=c—d—2r . . . . . (95) 


Hence to find the remainder X, after the nth term in 
(84), we have 


+d 
ud ET E Harta +...) 
d . 
- aU —900—4,—... - aj. . (96) 


very approximately and similar formule can be written 
down at once for the remainders in (85), . . . (92). 

When the spheres are very close together the methods 
given in the Appendix are preferable. 

When the spheres are equal, we have a, = b, 
En = Ên and Yn = Nn, and thus the labour of computa- 
tion is halved. 

Numerical example.—Let us suppose that a — b — 1, 
and that c = 3. Then 


c? — a? — b? a?b l 
zm CIL M eer uo mr 
. l 1 1 
Thus, since — =À -- 
an GQn—-1 Gn-2 
1 1 


we readily find that ag = m 
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We also have 


ji, cgo les erg aug 28 eg a eae 
ao a, an, Gn—-1  2n-2 
3 21 144 987 
Th — = = _ — = o——— = oe, * 
US 71 = g 7a = 55° 73 = 377° 74 7 2584 


Thus by (84) 


_ (1+ 24, (1 + $4), 7 
Ry = nita cus re :1j RUE qe 


=V,{1+ = + = ns in) approx. 
342 ' 233? ' 15972 
= V,{l1 + 0-44 + 0-0657 + 0-0096 + 0-0014) 
= 1:517 Vj, 
Similarly 
4 ` 233 


3 
R, = y,f1 d — + — + sian} approx. 


I 5 776 
= 1:047 Vi 
If the sphere Y were removed, the potential of X still 


remaining at Vi, the potential gradients at both M and 
L would fall to V}. 


Again since m ad m, = ed 
6 1 c’ 2 c À 
1 l 
and — =À — : 
My Mn-1  My—e2 
we get m, = : m : l : d 
R 157 "aF oy "373144" "5 ggr BD 
NE 1 
5 6765 
We also have 
unes b?(c e Vn — ] = 3 — yn—1 
£ C(C — Yn-1) — a? 8 — 3Yn-1ı 
and p = : 
41 c 3 
dac 8 55 377 
Th mc um S 
US Y= gy ar Y= yay 747g; "d 
" 2 584 
Ys = 6 165 


Thus, substituting in (86) and (87), we get 


— Ry — 1:201V, and — Rp = 0-143V, 


Hence when the spheres are at the potentials V, 
and V,, we get, by (93), 


Ry = 1:047V, — 0-143V, 
Ry = 1:517V, — 1:201V, 
Ry = — 1-201V, + 1-517V, 
Rp = — 0-143V, + 1-047V, 


. (97) 


The formule (97) give the potential gradients at 
L, M, N and P, when the potentials of X and Y are Vi 
and V, respectively and the system is (1, 1, 3). 


* Notice that Zn = 0-38196 .. 


„when n is 4 and that wh i i 
Zn = 0-38197.... en # is infinite 
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The following cases are important. 

Vi2-—Vj-i4V Vi-V$.-V Vi-V, V4—0. 
Rr, = 0:595V Ry =0:904V | Rr, = 1:047V 
Ry = 1-359V* Ry =0-316V | Ry = 1-517V* 
Ry = —1:359V | Ry =0-316V | Ry = -- 1-201V 
Rp = —0:595V| Rp =0-904V | Rp = — 0-:143V 


From a previous paper t we see that if a equals 
unity a spark ensues or the corona begins when 


14-1 
R = 27-4 + —— = 41:5 kV per cm 
Ma 


when a — 1 cm, the barometric pressure being 76 cm 
and the temperature 25? C. 

In the first case when V, = — F,, the disruptive 
voltage V is 30 540, and it occurs at M or N. In the 
second case when V, = V, the breakdown is at L and P. 
We should therefore expect a brush discharge to appear 
at these points when V is 45 900 volts. In the last 
case (V, = 0) a disruptive discharge would take place 
when V is about 27 360 volts. 

It is also interesting to notice that Ry; vanishes when 
VV, — 7:32, and Ry vanishes when V,/V, is 1:26 


approx. The total charge q, on X is zero when 
V. _ ky 1:146 = 9.95 
Vi ka 0:3891 


If V, is positive and greater than 1-26V, the charge on 
X is entirely positive. If V,lies between 1-26V, and 
7:32V, it is partly positive and partly negative. If it 
is greater than 7-32V, the charge q, is entirely negative. 

Kelvin $ showed that when V, — 2-41V, the force 
between the spheres vanishes. In this case 
Ry = — 1:32V4 and Ry = 0:702V,. The total charge 
on X is 0-209V, and on Y, 2°37V,. 


VALUES OF THE DiAMETRAL POTENTIAL GRADIENTS AT 
VARIOUS DISTANCES APART. 


It has been shown previously § that for equal spheres" 


we have 
fi 2f — fi 
Vie — 2 : 


1 


Ry = (a) 
where f, and f are functions the values of which have 
been tabulated. 

We see from (a) that Ry vanishes when 


ER E. 
V, YS- 


and, since we know the values of f and f,, this ratio is 
easily computed. 

When the spheres are not further apart than about 
one-quarter of the radius of either, fj = f approximately, 


(b) 


* Cf. A. Russet: “ Alternating Currents,” vol. 1, p. 257. 
t Journal I. E. E., 1919, vol. 57 (supp.), p. 226 

1 ‘‘ Reprint," p. 96. 

$ A. RussELL : '' Alternating Currents ” vol. 1, p. 207. 
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and Ry vanishes when V, only slightly exceeds Vj. 
The further apart the spheres are, the greater the value 
of the ratio V,/V, must be in order to make Ry vanish. 
For all values of V,/V, equal to or less than the value 
for which Ry vanishes, the charges at every point on 
the surfaces of both the spheres must be positive. 
Hence by Coulomb's law the mutual force between 
them must be repulsive. The values of V,f/V, at which 
Ry vanishes at various distances apart are given in the 
following table. 


ata 


ooo co ©& 
OU mm Q5 L9 me 


We shall now consider the value of the potential 
gradient Ry at L (Fig. 4). When this gradient vanishes, 
the charge at every point of the surface of X will be 
negative, and since in this case the charge at every point 
on the surface of Y is positive, the mutual force must 
certainly be attractive. 

When the spheres are equal, it can without difficulty 
be shown from (85) and (89) that 


r V, {u u u 
Bea TH+ ata . . (6) 

a \ v vy vi 

" V.íu u u 

a | vi 25 v 


where ty = qua, — Un—2, Un = Wp-1 — Mn—g and 
q — 2 + z[a. We also have ug = 1, tt =q — l, and 
therefore u, = g? — q — 1, etc., and ty = 1, * — 9 4- 1, 
and hence v, = qg? + q — l1, etc. We can thus calculate 
the values of the numerators and denominators of the 
fractions in (c) and (d) successively. 

For example, let x =a, so that q = 3. Thus the 
successive values of u, are 


1, 2, 5, 13, 34, 89, 233, 610, 1597, ... 
and of v, are 


1, 4, 11, 29, 76, 199, 521, 1304, 3571, ... 


Hence 
"S. 5 34 233 
Ry = 1 SUM Re ok ae) 
L= Tint 6776+ aan + 
= 1:0475— 
and 
» V.frl 13 89 610 ] 
UM ey a Ran a cade E 
4= 7187 ot 300017 freeones? Sf 
— 09-1431 1 
a 


When z is very nearly equal to zero, we get from 
(115) and (119), that 


ZA l l E 
Ry = Stat yt-.-)=2x 10787 . (e) 
^ V, 


1 1l 1 V, 
ah e (atatt) = x 0-155 . (f) 


11? 

As the spheres are moved further apart we see from 
(c) and (d) and (e) and (f) that the coefficient of Vj/a 
in Ry, diminishes from 1-0787 to unity and that the 


coefficient of V,Ja in — Rz diminishes from 0-1550 
to zero. When z is practically zero we have 


[4 ae ~ .V 
R; = R; — R; = diis: 


a 


V 
— 0:1550— . (c’) 
a 


Hence when V, is greater than 6-96V,, Rz is negative 
and the whole of the charge on the sphere X is negative. 
similarly we get by (c) and (d) 


x =a, Ry = 1-048V,/a — 0:143V,Ja . (d) 
when x = 2a, Rr = 1-033V,/a — 0-129V,fa . (e) 
and when x = 8a, Rz = 1-008V,/a — 0-075VjJa . (f?) 


It will be seen that we can calculate the value of 
the ratio V,/V, which makes Ry, zero. We can also 
from the formule given in this paper calculate the values 
of V/V, which make the total charge q} on X zero and 
which make the mutual force zero. The following 
numerical values were found in this way, V, and V, 
being supposed to be positive. 


when 


Maximum value of Vaf V, for which the charge at every 
point on the surface of X. is positive. 


xja 0-001 1 2 8 

VJV 1-000 1-26 1-95 7°39 
Value of Vaf V, for which the mutual force is zero. 

xja 0:001 1 2 8 

VAV: 1-025 2-41 3°53 9-80 
Value of Vaj Vi for which q = 0. 

xfa 0:001 1 2 8 

Vj Vi 1:34 2°95 3-98 10-0 


Minimum value of VV, for which the charge at every 
point of X is negative. 
xja 0:001 l 2 
VAV: 6-96 7:33 8:01 


It will be seen that if we have two equal insulated 
spheres X and Y at potentials V, and V, at a given 
fixed distance apart, and if the ratio V,/V, be unity 
and be gradually increased the following phenomena 
happen. 

Initially the spheres repel one another, the charges 
at every point on their surfaces having the same sign. 
When V,/V, attains the value for which Ry = 0, the 
charge on every point of X is positive except at M 
where it is zero. For values of V,/V, lying between 
the values which make Ry and Ry zero, the charge on 
X is partly positive and partly negative. When the 
attractive component due to the negative charge 
balances the repulsive component due to the positive 


8 
13:4 
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charge—the charge on Y always being positive—the 
mutual force vanishes. The value of V,/V, at which 
this happens can be found without difficulty. Increasing 
this value of V,/V, the force becomes attractive, and 
the charge g, then becomes zero, the force still being 
attractive. When V,/V, has the value which makes 
Ry zero, and for all greater values of this ratio the 
charge at every point on the surface of X is negative. 
The force is therefore attractive. 


ANALOGOUS PROBLEMS. 


The formulz already given are useful in other branches 
of physics. Consider, for example, two conducting 
spheres deeply embedded in an electrically homogeneous 
medium. Let them be maintained at constant poten- 
tials v, and v. Let 4, and i, be the total resultant 
currents flowing from the two spheres respectively, 
then if p be the volume resistivity (the resistance of a 
cm cube) of the medium we have 

4 

ùi = 5 nr + kiga); ig = E (kazva + kivi) . (98) 

and 


i ons Euh + Pygte); t. = E (Panis + 2,9, . (99) 


the coefficients being found in the same way and having 


the same values as in electrostatics. When i = — t = 2, 
we get 

= — .— . . . (100 

D 4m C(a, b, c) (100) 


Similarly if both spheres be at the same potential v, 
we have 
v p l 
51 + ?9 ^ 4T C,(a, b, c) 
For example, when a = b = 1 and c = 4 cm, (100) 
becomes 


(101) 


zi a P x 1:492 approx. 


i ^ 4m 

v p 
d = P. x 0.623 
an um approx 


As a further example, consider two spheres X and 
Y deeply embedded in a thermally homogeneous medium 
and maintained at constant temperatures 0, and 6,. 
Let g, and g, denote the flow of heat per second from 
each sphere. When the flow has become steady 


4 
a = T gf, bg - (102) 


4T 
and d; = z afa Ty ` (103) 
where g is the thermal resistivity. 
For example, suppose that a = b = 1 and c = 0-1. 


4 
Then qı = — (1-584, — 0-8840,) 


4 
and % = — (1-584, — 0-8840,) 


When Ó, is less than 0-5580,, heat flows to X. When 
0, = 0-5580, the total flow of heat to and from X 
is zero, and when 86, is greater than 0:5580, the total 
flow of heat from X is positive. 


THE CAPACITY CURRENTS TO SPHERICAL ELECTRODES. 


If 4, and £, denote the instantaneous values of the 
currents in the leads to the electrodes, we have 


0g, dv, Qt; 

cs eus By 

. _ og ow ov 

i i= y my thay 


Hence when the laws according to which the potentials 
of the terminals vary are known the capacity currents 
can be found. In practice we generally have either 
qı = — qa OT ty = 0 at every instant. 

In the former case we have, by (6) 


: i ð 
i = — d. = x — vy) 
and in the latter 
; Ov Qv 
«p ns y = ES 
and the current to earth 
; Qv 
= —( + i) = — (ku + n EY 


In the latter case when v, follows the sine law, f 
denotes the frequency, k,, and ky. are measured in micro- 
farads and Z}, J, and V denote the effective values of 
the cbarging currents and the potential, we have 

I, = 2nfk,V x 1079 ampere 
I, = — 2nfkV x 10-9 ampere 
and the current J to earth is found by 
I = 2nf(k,, + kV x 1079 ampere 

For example, suppose that a = b = 50 cm, c = 25 cm, 
f — 50, and V = 10 volts. Then k, = 62-65 x (1/9) 
x 10-5 and — ky = 26-27 x (1/9) x 1075 uF. We 
suppose also that the air in which they are immersed 
is at twice atmospheric pressure so that there is no dis- 
ruptive discharge. 

Then l,—2mx50x 62-65 x (1/9) x 1075x 109 x 10-6 


—21-87 mA 
and 1212-70 mA. 
APPENDIX. 


It is sometimes convenient to express the preceding 
solutions in terms of the symbols a, B and w which are 
defined by the equations 

r r cr 
inha = -; sinh =- d sinh w = — 
sinha — sinh B 5 and sinhw = | 
where r, found by (94), is the radius of the sphere which 
cuts X and Y (Fig. 1) at right angles. It readily follows * 
that w =a + f and 
c? + a? — b? 


cosh a = —————— . (104) 
2ca 
c2 + b? — a? 
= — 105 
cosh B 5b (105) 
c2—a?—b? dX 
= ——————-—. 106 
cosh w an 2 (106) 


* A. Russet: ‘* Alternating Currents,’’ vol. 1, p. 164. 


532 


We have already seen (44) that a,, bn and m, satisfy 
the equation 
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By d. with regard to c, and noticing that 


sinh B cosh a 


1 1 1 E e ee iue 
— =À 2 oc r sinh w oc r sinh w 
Un Un-1 Un —2 
ww 1 dr  cosh'a cosh B 
It is easy to verify that o F and 3c sinhw 
] we get 
— =A sinh (no + B k 
Un ( A= = i à 11 
oc 
satisfies this equation and as it has two constants, kı coshacosh f 
A and B, it is the complete solution. ^ 2r ^ sinhw 
Hence we deduce that sinh a cosh B ( cosha , cosh (a+w) D 
n-— 0 2 sinh w sinh?a sink? (a+w) ` J 
r 
ky = Sear ; (107) [ cosh (a+w) cosh (a+ 2w) 
m bon E 
n=0 x M u Lsinh? (a +w) sinh? TESTE } e) 
n A, is obtained by interchanging a and f in (113). 
— ky = > d , (108) We also have 
sinh nw 
n=1 irs oki. 
n=2 = oc 
r 
and ke = >. . (109) NOEL] 
22 = sinh (B + nw) WE nos 
cosh w cosh 2w cosh 3w l 
These equations are practically the same as those given sinh? Gd minh. Das sinh? 3w . (H4) 
by Maxwell.* We now see that the remainders, after 
n terms have been computed, are given very approxi- | It is not difficult to verify that 
mately by r r r 
= C —— ÁÀÓ—ÓÓ—ÁÜ = a es mm, = —— 
: (110) 7n = Sinh (a + nw)’ sinh (B + nw) "  sinhno 
sinh (a + nw) — sinh (a + n — lo) ainhano b sinh nw 
LE na 
r (111) sinh (a + nw) sinh (B + nw) 
sinh (n + lw) — sinh (nw) sinh (nw — B) | _ Sinh (nw — a), 
r Yn Smhnw (o MS sinh nw 
and MU. (112) 
sinh (B + nw) — sinh (B + n — lw) Thus by (84), (85), etc., we get 
, sinh? ła f( coshja cosh (ła + w) , cosh cosh (Ja + 2w) + 20) 
Ry, = Vi . 2 > 2 - Eu ~~ 19/]~ 1 9,4 (115) 
a cosh ja (sinh? ġa — sinh? (fa + w) sinh? (3a + 2w) 
a cosh? i f sinh ġa sinh (ła + w) , sinh (ła + 2w) Y (116) 
MU "lasinh ja Lcosh? ła ^ cosh? (fa + w) cosh? (ła + 2w) ` i) 
, cosh? 4 sinh (w — 4 sinh (2w — 4B) 7 5 
dese. cosh $F { Sith tw — 19. : AB) ELEC l1 NUN (117) 
b sinh 1B \ cosh? (w — 48) cosh? (2w — 18) J 
, h2 1 kaa — 
-Rp =V, sinh? 48 (256 —M (w — 3p) cosh (2w — 48) TN: (118 
b cosh $8 \ sinh? (w — 48) ' sinh? (2w — 1f) J 
We also have 
on 1 h2 h m 1 ' PI 1 
zd er sinh? la {= (w — ła) ai o la) e (119) 
a cosh ła (sinh? (w — $a) sinh? (2w — ja) J 
" cosh? ła f sinh (w — ja) sinh (2w — 4a) > 
—Ry = V S ona qus mem ROLE uf -— 120 
m ? a sinh ła \ cosh? (w — 4a) ' cosh? (2w — 1a) E J VN 
" cosh? 1 sinh sinh (18 4- 
Ry = V, ESTE DR inh (38 + w) p (121) 
b sinh $8 Lcosh? 48 ' cosh? (48 + w) J 
r’ sinh? cosh ł} i 
Rp = V, sinh? $B o tosh GE Ew) " X . . . . e e. * e . (122) 
a b cosh 38 (sinh? 48 © sinh? (48 + c J 
“Electricity and Magnetism,” vol. 1, §173. * Notice that ate bn 


b= = Mn. 
tn 
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The values of Rr, Ry,* Ry and Rp are then found 
by (93). 
When the spheres are close together we get 


4(a—b)? -- ab \ 
ey eT MESE eee (123) 


V,-V 2b —a 
Ry- 14 Jab ^ * 


where z = c — a — b = distance between the spheres. 
AS a numerical example, take a = 2:1], b = 9-6 and 
c = 12-5, then z = 0-8, and by (116) and (120) we get 


V 


-yV l 
Ry = —L—? x 1:237870 
2 0-8 * 


V,—V ; 
Using (123) Ry = —— —? x 1-235... approx., the error 


introduced by using (123) is therefore about 3in 1 000. 
Equal spheres.—In this case, a = b, and 


V,-V. l 2 2 x 
Ry = 2211 + 


l z : 
45 a? 945 a? 


3a 


17 qA 
tus at} 


+ 


(124) 


when z is small. 
For example, 


x = a, by (124), 
x = ła, by (124), 


Ry = 1-358 (1-359) 
Ry = 1:17256 (1-17261) 


In the latter case the error is less than 1 in 20000. 
For smaller values of x the result is still more accurate. 
_ The potential gradients when the spheres ave very 

unequal and close together. We deduce from (115) and 
(119) that when the distance z between the spheres is 
very small compared with a and b, 


V b 2 
BR, — Vaf] (x) 
L 21i * Ma 4 3 


* exe) + Gum) +S 


ya. 


z4( b 


2 b 
^ ak zr) (rg 


Hence when a is very small compared with b, 


Vif l l Vo 1] |1 7 
ViVi ae PIE | 
wt 72,7 (71—72x].-9337. 
a 8 a 


By (122) we have when (a/b)? can be neglected compared 
with unity, 


_V,i— Ve 2b — a M 
Ry = Hs sus Tae] 


V.—V b — 2a 
R =- T 
N x 1 3al z+...} 


and Rp = — 


* This agrees with formula (59) of RusseLL’s " Alternating Currents,” 
e 


vol. 1 p. 253. 
VoL. 65. 
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We see that when V, = V,, both Ry and Ry vanish. 
In this case, by (126) and (127), 


ab b D) 

à - Vm - W(—4) - y} 
ELLE ER TOX 
= "lu b) b PPPO% 


9 


eqs d approx. 
1b b 


nb ~ Weta) - 7} 


The average potential gradient on X is V,/b x 1-645 
and on Y is V,/b. Both of these values vanish when 
b is infinite. 


THE CAPACITY COEFFICIENTS OF UNEQUAL SPHERES 
WHEN THEY ARE CLOSE TOGETHER. 


In this case it is convenient to use a special function 
ij (x) which mathematicians call the logarithmic derivate 
of the gamma function. Its numerical value can easily 
be found as follows. We have 


l ] + l 
2r 123? 12033 ``’ 
When z is large it can therefore be easily computed. 


In the cases which we are considering x is a fraction, 
but we always have 


d) = 402-7 


yh (x) = log. x — 


and thus we get 


1 l 
= ] E 
i l B 1 1 l ] 1 125 
120(x 4- 5)1 z rl 2+2 r3 zr+4 (125) 
We readily verify by (125) that 
(1) = — 0-577216... = — y 
where y is Euler's constant | 
(0.5) = — 1:96351... = — y —21og. 2 


Short tables of the values of (x) are given in Russell's 
“ Alternating Currents,” vol. 1, p. 241. 

In the Proceedings of the Roya! Society (A, 1909, vol. 82, 
p. 527) formule for ky, and k,, are given in ascending 
powers of w as far as «?. Keeping the terms to w3 
only, we get 


EC) +08} em - 


L w | 
Trao? /1 œf 
pago at) t+ 029 
Writing D for a in (126) we get kə, and 
^. f 23 rw Trw’ 
— ko -Ll TUR E + 73 T 43 200 +... (127) 


where y = Euler’s constant = 0-577216. 
35 
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We compute r by (94), and a, B and w by 


me (1+8)'} 


128) 
r r^i 
B = log. [7 + (1 +5) } and w=a+B 

When the spheres are equal, w = 2a = 28, — p$) 


= y + 2 log, 2, and 7? = (c?/4) — a’, 

Let us now put x =c — a — b and suppose that 
z[(a + b) is a small fraction. In this case (61) and 
(62) are not applicable. Neglecting cubes and higher 
powers of x, we get 


ab (a — b)? + ab 
3(a + b)? 
_ 2(a — b + 3lab(a — b)? + 2a% ,. 
90ab(a + b)? LEES 
b a—b 
2 3(a + b)? 
_ (a — b){2(a — b)? + 29ab) , 


90ab(a + b)’ 
(a — b)? + ab 
6ab(a + b) z} 


Hence, substituting in (126) and (127) and simplifying, 
we get 


(129) 


(130) 


and rw = 2z4 1 + (131) 


3 2ab 
cra MG) + Bs eh 
4(a — b)? + ab 
36(a +b) 


64(a — b)* — 288ab(a — b)? — 21a2b? 
3 600ab(a + b)? a 


The value of kọ is found by writing B for a in (132). 
Similarly, 


arm) 


zx 


36(a + b)? 
64(a — b)4 + 12ab(a — b)? + 149a?t? 
Eu 3 600ab(a + b)? dicus 


Putting a = b, (132) and (133) become 


drei cia re 


x 7x? 
e c 5d 
+ 144 9 600a (134) 
and 
a 
sige Ede e a 
i272 + 6a 180a2/ V ti xm 
Tx 149272 


144 " 28 800a 


where y = 0:577216. From these equations we deduce 
). 


(63) and (64 


1 ; 


THE MUTUAL ACTION COEFFICIENTS WHEN THE SPHERES 


ARE CLOSE TOGETHER. 
Noticing that 


Mag 


ok ok 
A, -— — Sea A, = — pl and Ar = 


AER 


and also that S(t -) and — 2 -( =.) can be found directly 
Oz No) dx \ w 


from (129) and (130), we easily find A,, A, and 4j, 
from (132) and (133). 
By differentiating (125) we get 


" l 1 l ] 
y= = F6 T eps)? 6(z4 5i 6(z+5)3 30(x--5)9 
T : T + : + T 
i? (x41)? (xz42)? (x43)? (x44) 
W'(alw) can thus be readily computed. For example 
ij'(1) = 1-644934. 
When z is very small compared with a or b we get 
W ab 
LM E NP 
oc 4(a + b)x 
Since the potentials are kept constant and W increases 
as x diminishes, we see that the force is alwavs attractive 
when v, and v, are of opposite sign. When v; is very 
nearly equal to v,, however, we have to take the next 
term in the expansion of F into account. When 
v, = t, the force is always repulsive. 


gt... 


(136) 


VALUES OF THE POTENTIAL COEFFICIENTS WHEN THE 
SPHERES ARE VERY NEARLY TOUCHING. 


When the distance z between the two spheres is very 
small we find from (132), nl and (3) that 
q 


1C, log fl x2 


where C, = C,{a, b, a + bj, and 
Wwe ae 


Pu ~ 


ab 
(2) 
D12— 2ab e 
BC, log bz TENIS tz =) ou -¥} 


where C, = the joint capacity of the two spheres and 
y = 0-577216 [see (9)]. 
When the spheres are equal these formule become 


1 log 2 
wa ee 
Cp =E 
y + 4 log — 


and 


where C, = 2a log 2. 
If a = 10§x, these formula become 


E 
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Similarly, if a = 10122, 
l D l J D 
p = {1+ 0:049 and p = —4 1 -- 0-049 
=o if mg Jj 


It will be seen that x would almost need to be in- 
finitesimal before we could assume that 


l 


Pu = Pi2 = 23 log, 2 


SERIES FORMULÆ. 


The following formulæ are easily proved by a method 
previously described.* 


lm? 
h=? a ci iecit lect 
1 1 ih 1 
im®(m—1) + BmS(m3 — 1) 


(138) 


vA 


+ Bm0 (m5 — 1) T 


m?(m—1) m?(m3—1) ml*(m5— 1) ii 
rat ri bl 
where l = € =24,/(1 +3); m = €" = —_. 


and i n == mil . (140) 


kə is found from (138) by writing n for l. 
As an example, let us consider the system (7, 1, 10). 


* Proceedings of the Royal Society, A, 1917-18, vol. 94, p. 209. 
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We find by (94) that r = 2-4 and by (140) that | = 7/5, 
dai E" Hence 


343 4 100 
ha = 7+ 5 staan? 343 "343957 5^7 
= — hace 
It will be seen that the series converges with great 
rapidity. 
Similarly — kyo = 0-8143267 ... 


and ko» = ]-1601124... 


When the spheres are equal and each of unit radius, 
the formule become 


1 1 
"i, bh r aT 331 
1 1 1 1 E 
tetai B. 2(02—3)--1 Be 
EN (141) 
tég—208—3)-1 pev 11 
and 
1 1 1 
— ky(1, Il, c) = 3L + oe 2 + (à — 2)2—1 T 2)2 = 7 
Bo gau 
,Dogcg—jm 
1 l 
tae ayi Et Ves 


For a given number of terms, the greater the value 
of c the more accurate are the results obtained from 
(141) and (142). If we put c = 2:05, we get l = 1:25 
and the formule give us 

ky, = 1-74543 and — ky, = 1-048602 
We see that when z is only one-twentieth of the radius, 
and using only the terms of (141) and (142) given above, 
we get a six-figure accuracy. 
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DISCUSSION ON “THE DESIGN OF STORAGE-BATTERY LOCOMOTIVES 


DISCUSSION ON 
"THE DESIGN OF STORAGE-BATTERY LOCOMOTIVES FOR USE IN COAL MINES.” * 


NORTH-WESTERN CENTRE, AT MANCHESTER, 30 NOVEMBER, 1926. 


Mr. J. Steele: Except in the case of Table 3 the 
coefficient of adhesion falls, as would be expected, with 
oil and water on the rail, but in this case the coefficient 
of friction is higher with oil and water on the rail than 
with either water or in the dry state. Is there any 
particular reason for that ? The formula for the weight 
of the locomotive appears to give a result which in my 
opinion is rather low. I also notice that in calculating 
the weight of the locomotive the author has taken the 
figure of 20 lb. per ton for acceleration resistance. This 
is satisfactory as a mean value, but one would expect 
to get a considerably higher peak value which, I suggest, 
should be taken to get the weight of the locomotive 
required so that there would be no slipping of the wheels 
under any circumstances. 

Mr. D. B. Hoseason : The title of the paper is “ The 
design of storage-battery locomotives" but at the 
outset the author refers to certain advantages which 
might be gained from the useof the battery locomotive. 
The specific field is laid down as being the marshalling 
of tubs and the getting of them to the main haulage. 
It appears to me that, in the process of marshalling, 
the pit pony and boy have a very distinct advantage 
in being able to get off the rail and get round to the 
other end of the train of tubs. A certain amount of 
discussion has centred round the question of one motor 
versus two motors. The advantages of the one motor 
seem to outweigh those of the two motors in all cases, 
with the exception of the necessity for resistances in 
the equipment of the former. These resistances, of 
course, quite apart from the power consumption, 
which is not a very serious matter, have the disadvantage 
that they should be in a flame-proof enclosure. One 
possible way out of the difficulty in retaining the one- 
motor equipment would be to sectionalize and connect 
the battery in series-parallel, or alternatively to take 
tappings from the battery. If tappings are taken 
from the battery it is necessary to see that the individual 
sections are charged up to their fullest extent when 
re-charging. This, however, is only a matter that has 
to be taken care of in the ordinary course of maintenance 
of batteries at a central station. It would seem that 
with the possibility of sectionalizing' the batteries and 
employing a series-parallel arrangement the one-motor 
has a distinct advantage over the two-motor equipment. 

Mr. E. C. McKinnon : The paper, so far as it goes, 
is interesting and instructive, but, in my opinion, 
rather incomplete. One might reasonably expect from 
the title that, as thestorage battery is the most important 
part of a battery locomotive, more attention would have 
been given in the paper to the subject of battery 
design. Instead of this we find only a few remarks 
about the battery, and these of dubious accuracy and 
importance, and for further details we are referred to a 
specification drawn up by a committee in 1923. This 


* Paper by Mr. L. MILLER (see vol. 64, p. 1001). 


committee, we are told, fixed the battery capacity at 
12 kWh at the 1-hour rate, and not less than 18 kWh at 
the 5-hour rate of discharge. This latter stipulation is 
unnecessary as the 5-hour kWh capacity follows the 
]-hour, being a factor in the ratio of 10 : 6 or 163 per cent. 
The author suggests that in designing a battery the 
largest possible individual cells that can be accommodated 
in the space available should be used, on the ground that 
a few large cells would require less space; that the cost 
and weight would be less for an equal output; and that 
the cells would be stronger, there would be fewer to 
maintain, and they would be more easily repaired. 
These points are highly debatable. For equal kWh 
capacity, the smaller the number of cells the heavier 
would be the cross-section of all conductors, and copper 
is expensive. The heavier the individual cell—speaking 
of lead cells—the more substantial all portions of the 
containers and covers would have to be, as the jolting 
and vibration effects would be more pronounced, and 
extra ebonite means extra expense. On the question 
of maintenance for a given kWh capacity, the smaller 
the number of cells the greater the proportion one 
defective cell bears to the whole, and the author would 
certainly find in practice that it is easier to repair a 
small cell than a large one. Now here is a statement 
based on a very common misconception: '' Whatever 
battery is used it must be capable of being short-circuited 
without injury and of being run down rapidly without 
serious detriment to its subsequent working." <Any 
damage to the electrical equipment from such dis- 
charging would be external to the battery. The battery 
would not be damaged internally even by a dead short- 
circuit. Again, the author says:  ' Arrangements 
should be made to see that the electrolyte cannot be 
spilled." Under what conditions ? One of the battery 
locomotives, complete with charged battery, entered 
for the Markham trials, was upset during unloading. 
Some of the acid was spilled, but after the locomotive 
was swung over again and the lost acid replaced, the 
locomotive went on to its trials. It is not for conditions 
such as these that the author made his stipulation, 
but it is all so vague, and so lacking in help to the user, 
the engineer and the designer. As to life, the author 
puts that of a lead battery at about 3 years. This 
varies with make and type, but one company at least 
gives a 3-year guarantee for its lead battery. Life is, 
of course, determined not by a time factor, but by the 
number of cycles of charge and discharge, and this mav 
be as many as 2 000, depending on the nature of the 
service. The ''reasonable care" to be given to a 
battery is no more onerous than to give a pit pony his 
food, or to see that the moving machinery is oiled. 
High temperatures attained on charge affect the life of 
a battery—that of a nickel-iron battery more than that 
of a lead battery—but it would be deplorable if prospec- 
tive users of storage-battery locomotives were led to 
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believe that these could not be used at temperatures 
over 110? F. As a matter of fact, battery locomotives 
are giving good service at temperatures varying from 
— 30°C. to + 150° F. The stipulation made by the 
manufacturers is that, to ensure maximum life, high 
charging rates shall not be maintained at high tempera- 
tures. The battery makers have a wealth of data regard- 
ing design, efficiencies, relation of weight to capacity, 
charge and discharge characteristics and so on, and 
some of such data, in my opinion, would have been far 
more useful to the members of this Institution than 
those given in Tables 1, 2 and 3. 

Mr. J. N. Southern: I think the author has left 
out the most important part in the design of the 
storage-battery locomotive. The storage battery should 
be given more consideration by designers of electric 
locomotives. The author certainly states that ample 
space should be left in the containers at the tops of the 
cells to allow the gases to escape, but there are other 
things to consider, such as the correct method of springing 
so that the acid will not spill as the author seems to 
suggest it will Battery makers to-day do their best 
to get a perfect cell by the adoption of lids and certain 
non-spilling devices, but unless the designers of the 
locomotives will help us I am afraid that much of our 
work will be wasted. 

Mr. A. B. Mallinson: The author has given us 
the theoretical point of view, and has been taken to 
task by the battery makers because of what he has not 
done. There is another point of view from which the 
question should be studied, namely that of the user. 
I have seen many trolley and battery locomotives 
operating in the United States, and the company with 
which I am connected have about 20 trolley locomotives 
running. I have been seriously considering the adoption 
of battery locomotives for the underground roads, but 
I have been deterred by the power that it is proposed 
to use. The figure given in the paper is 7 h.p. but some 
of our locomotives are from 10 to 100 h.p. We started 
with 10 h.p. and gradually had to increase the size 
in order to keep down the cost of re-winding. My 
experience is that the user will consider the load that 
the locomotive will actually haul and not what the order 
sheet says it is designed for. It is simply loaded up 
until it is burnt out. A question with which the 
author deals at considerable length is that of whether 
there should be one or two motors. Our experience is 
that the single-motor locomotive with the connecting 
rod coupling the wheels is the more mechanical job and 
entails less maintenance costs. The author gives 
34 m.p.h. as the speed of the locomotive on the level, 
and it has been said that this will be of great advantage 
for getting men in and out of the workings. I doubt 
this, however; 34 m.p.h. is not a high speed. We 

have many mules in our mines which travel at a much 
quicker pace than I can walk.. This weakness is, I 
think, shown more forcibly in connection with the ex- 
periments with the line of contact on the rail, and the 
preference for a flat-top rail. Those who are acquainted 
with inbye workings will know that the rails are simply 
thrown on the floor with a tie here and there. It is 
therefore useless to rely upon having a perfect line of 
contact all along the route. I should like a little more 


information about the charging of batteries underground. 
Is it proposed to charge well away towards the face or 
to take the batteries out and charge at the pit bottom ? 
Our experience is that we need a large staff to look after 
the motors themselves, and how many more will be 
needed to attend to the batteries, which need constant 
maintenance ? The battery is a costly piece of apparatus 
which it is proposed to put into a dark corner with very 
little senior supervision, whereas mules or ‘“ burros ” 
only need feeding. I also cannot understand how the 
locomotive can be expected to approach the pony for 
speed in changing at journey-ends. 

Mr. A. W. Browne: The author, when dealing with 
the design of the battery locomotive for gathering work, 
suggests that a case can be made out for its use only 
on thin seams, and the reason he gives is that the loco- 
motive cannot compete with the conveyor system on 
thick seams from the point of view of speed. I should 
like to ask him whether the conveyor system is in general 
use in mines where there are thick seams and whether 
the extra speed obtained by means of this system is 
alone sufficient to rule out the locomotive for this class 
of work; that is after taking into account first cost, 
maintenance and running costs. When dealing with 
the speed of the locomotive the author says. that it must 
be capable of about 34 m.p.h. when pulling a load of 
5 tons on the level. I suggest that this speed should 
be obtained when pulling a load of 5 tons up a gradient 
of, say, 1 in 20 and that the speed on the level should 
approach 6 m.p.h. The question of standardization is, 
of course, a very important one and the author states 
that the chief difficulty in this connection is the gauge 
question, I should like to ask if this is really a very 
serious difficulty, because, as he states, there are at 
least 132 collieries out of a total of 468 using a 2 ft. 
gauge. Is there any reason why a standard design 
should not be adopted for use in the mines with a 2 ft. 
gauge? A start has to be made somewhere and I 
suggest that if a locomotive is built on standard lines 
to suit the 2 ft. gauge and is put on the market at a 
reasonable price it can at least be given an opportunity 
of proving its value. At present there is a tendency 
to look upon a locomotive for mining as a very special 
piece of apparatus which must be designed for each 
particular job. "There seems to me to be no reason why 
standardization could not be adopted for mine loco- 
motives having a 2 ft. gauge. The author does not 
mention lubrication. In the United States quite a 
number of faults have been traced to improper lubrica- 
tion of bearings and, strange to say, more trouble has 
been caused by too much lubrication than by the lack 
of it. Cases have not infrequently occurred where the 
armature winding has become saturated due to excessive 
grease being forced through the bearings. Such cases 
have occurred with sufficient frequency to cause some of 
the manufacturers to question the advisability of fitting 
grease cups to armature bearings.: As the author states, 
no details of running costs of storage-battery locomotives 
working in mines in this country are available, but I 
am in possession of some facts which I think will be of 
general interest. In one of the Northumberland mines 
locomotives are used for taking the miners to and from 
their work. <A special road was driven which is used 
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solely for the locomotive and its train of coaches. The 
track is constructed with rails weighing 28 lb. per yard 
and is some 2 320 yards in length. A full train accom- 
modates 300 men in 25 coaches which are arranged like 
jaunting cars, the men sitting back to back. By means of 
this train 900 to 1 000 men are taken in and brought out 
again each day and the time saved is about 40 minutes 
per person per day.. The total weight of a complete 
train, excluding the locomotive, is 28 tons, and the 
weight of the locomotive is 74 tons. The average speed of 
the train is 8 m.p.h. The dimensions of the locomotive 
are 13 ft. 94 in. long, 4 ft. 1 in. wide and 4 ft. 7$ in. 
high. The battery consists of 48 cells and has a capacity 
of 387 ampere-hours. A small locomotive working in 
another mine is employed in taking 8 empty tubs from 
the shaft to the coal face, a distance of 530 yards, up 
an average gradient of 1 in 24 with several curves about 
1l ft. radius. This locomotive does the work for which 
three ponies per shift were normally employed. Two 
batteries are in use, so that when running two shifts 
the locomotive replaces six ponies. A battery loco- 
motive was supplied a few years ago for gathering iron- 
stone. It was purchased as an experiment to see whether 
battery locomotives could satisfactorily replace ponies. 
The result of this experiment is that the company now 
have 14 locomotives, each dealing with about 150 tons 
per shift and running an average of about 16 miles. 
In a lead mine, battery locomotives are used for hauling 
tubs from the face to the pit bottom. The haulage 
road is over 14 miles in length. The work had previously 
been done by horses, but two locomotives do the work 
of six horses, with a good margin to spare. After 
allowing for maintenance and depreciation it is reckoned 
that there is a saving of £12 to £15 per week. In this 
case the locomotive at each run hauls 10 to 11 tons at 
44 m.p.h. An installation of 22 locomotives is at 
present being used on the work of tunnelling through 
Ben Nevis in connection with a hydro-electric scheme. 
The tunnel will be 15 miles long and about 15 ft. in 
diameter. The locomotives are working 24 hours per 
day over a very rough track and are giving complete 
satisfaction. In the United States there are at present 
some 4000 battery locomotives working in the mines, 
and in one recently opened mine storage batteries are 
used exclusively for cutting, gathering and hauling. 
It is known as the '' wireless mine ” yet the electrification 
is 100 per cent. The battery compartments on the 
coal cutters and locomotives are all of the type approved 
by the United States Bureau of Mines as permissible for 
use in gaseous mines. The equipment is designed for a 
capacity of 4 000 tons per day. At present, because of 
the comparatively short hauls, the gathering locomotives 
deliver the loads directly to the shaft bottom. On this 
service there are in use five 74-ton single-motor worm- 
driven locomotives geared for a speed of 34 m.p.h. 
The battery compartments are of the quickly demount- 
able type, and 10 of them complete with batteries and 
fixtures make up the power equipment for the 5 loco- 
motives. After a locomotive arrives at the charging 
station only a minute or so is required to change batteries. 
Normally a locomotive hauls 5 tubs each of 3} tons 
capacity, but it can haul 10 or 12 tubs. The coal- 
cutting equipment consists of a cutting machine and a 


complete self-propelling power truck. The power truck 
is made up of two main parts, a chassis and a quickly- 
demountable battery compartment. The chassis is 
worm-driven from a single motor. The truck carries 
a 110-cell 450 ampere-hour battery. This capacity is 
sufficient to operate the cutting machine for a full 
shift and to propel the power truck to and from the 
charging station, and the truck and machine from place 
to place. Although the primary object in using storage 
batteries for the power needed for cutting is to eliminate 
the danger of the ignition of gas or coal dust, they 
afford several other advantages. More places can be 
cut per shift because the voltage is constant, and 
because the power is continuous and no time is lost in 
making and repairing electrical connections. There is 
a saving in the elimination of cables and bonds, and the 
peak load on the power system is reduced. In the 
United States the gradual replacement of mules and 
horses by storage-battery locomotives has been going 
on for some time. The number of animals which can 
be replaced by a storage-battery locomotive depends 
entirely on local conditions. It is generally from 3 to 5 
mules per locomotive and usually this shows a good 
margin of profit in favour of the locomotive, in addition 
to which the number of tons gathered and hauled is 
generally greater, owing to the shorter time it takes for 
each tub to be returned empty to the working face. 
This also enables a greater output to be handled with 
a given number of tubs. In mines where there are 
gradients to be encountered, especially when against 
the loads, the locomotives show up to even greater 
advantage. A locomotive properly taken care of is 
ready for service at all times and this cannot be expected 
of every one of the animals. I think that, provided 
we can get some form of standardized machine on the 
market at a reasonable price, and provided also that the 
colliery engineer is educated in the use of electrical 
apparatus, there should be ample scope for its more 
general use in this country. 

Mr. J. W. Atkinson: I have had some experi- 
ence of machines driven by two d.c. motors and I 
think that the single-motor locomotive would be the 
most reliable one and consequently the one most accept- 
able by the colliery electrical engineer. With regard 
to the contactor type of controller, I am not sure how 
it would perform when starting on an incline or a de- 
clivity. Inconsistent operation in those positions may 
rule out that type in favour of the drum type of con- 
troller. I suggest that a good plan from the selling 
point of view would be to rate the mining locomotive 
in pony-power instead of horse-power. For instance, 
assuming one pony-power to be equal to 11 000 ft.-lb. 
per min., we could say 15 pony-power instead of 5 horse- 
power. 

Mr. G. S. Rose : Nodoubt the Markham competition 
will do much to improve the design and increase the use 
of mine locomotives, but it will be difficult to produce 
a machine to comply with all the conditions mentioned. 
Can the author suggest a type of sanding apparatus 
which will function properly when the locomotive 1s 
passing through a considerable depth of water? With 
regard to the battery, the greater the headroom provided 
in the cells for the prevention of spillage of the electro- 
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lyte, the greater space there will be for the accumulation 
of gas. These spaces, and also that in the battery 
compartment over the tops of the cells, should on this 
account be kept small, so that in the event of an explosion 
its force will be as slight as possible. A difficulty in 
the design of battery compartments which has not, I 
believe, been entirely solved, is the lining of the com- 
partment by an insulating material which is mechanically 
strong, not inflammable and not affected by the electro- 
lyte. A similar material is required for wedging up the 
cells so that they cannot move when shunting operations 
are being carried out. I believe that in order to gain 
access to the cells in the author’s locomotive it is 
necessary to remove about 100 nuts. Something simpler 
than this will be necessary if the battery is to be seen 
every time it is charged. Perhaps compartment lids, 
similar to safe doors, where numbers of bolts are pushed 
" home" simultaneously, could be designed. I quite 
agree with the author that the energy used by each 
locomotive in the tests mentioned is not a measure of 
the respective efficiencies of the locomotives. Of two 
drivers on the same locomotive, doing the same work, 
one will use more energy than the other. This applies 
to locomotives and vehicles of all kinds. I have ex- 
perience of a battery-driven road vehicle which regularly 
became *'stalled " after completing about 11/12ths of 
its journey, through the battery becoming totally dis- 
charged. On the driver receiving instruction (which he 
should have had in the first place) as to the proper way 
to drive, the full journey was performed with only two- 
thirds of the battery's energy. It seems evident, there- 
fore, that a loss of a few per cent in efficiency, due to 
different design in driving gear, is relatively unimportant 
provided it has advantages in other directions. The 
all-important matter is, therefore, to train the drivers. 
It is to be hoped that the adoption of the well designed 
and efficient battery locomotive, which apparently we 
may now look for, will not be long delaved, because of 
the indifferent results obtained with the earlier machines. 
This was and still is one of the reasons why battery-driven 
road vehicles and industrial trucks are infrequently used 
where undoubtedly they would be paying propositions. 

Mr. T. E. Herbert : It seems clear that the vital part 
in the design of the locomotive lies in the secondary 
cells. The design of the locomotive itself should not 
present any very serious difficulty and therefore it would 
seem to be eminently a problem for battery makers to 
solve, firstly in the design of the cell, and second in the 
arrangement of the battery and locomotive. The cells 
with wood diaphragm separators present attractive 
features, but the cell should in any case be specially 
designed for this particular class of work. 

Mr. A. N. Haworth : The author has, quite rightly, 
left the question of batteries to the manufacturers. 
They ought to standardize a container which will protect 
the perfect battery in every way. When this is provided, 
the locomotive engineers will embody it in their designs. 

Mr. L. Miller (in reply): Mr. Steele calls attention 
to the very curious result, obtained in the test to as- 
certain the coefficient of adhesion, shown in Table 3 
(line of contact llin.) for oil and water on the rail. 
This really shows how quite small things affect the 
adhesion factor. There is no doubt whatever that the 


marked improvement in the adhesion factor obtained 
in this test is due to some change in the surface of both 
wheel and rails as well as the complete breakdown of 
the oil film at the heavier loads. Although the surface 
of both the wheel and rail was in very good condition 
during this test there was no very marked difference 
which would have led one to expect such a result. I 
do not agree with Mr. Steele in his criticism of the 
formula given to obtain the weight of the locomotive, 
as a matter of fact the acceleration resistance could 
very readily be ignored providing the gradients are more 
than 2 per cent. It is possible to get at least 30 per 
cent. adhesion at starting as against the 25 per cent 
allowed for in the formula, and the result of this allowance 
tends to make the weight obtained by the formula 
rather on the high side, except when starting on the 
maximum grade. Here the brakes must be used to 
avoid slipping if the rails are in a bad condition. Mr. 
Steele will, of course, realize that any formula of this 
kind can only be given as a guide. 

Mr. Hoseason has apparently overlooked the fact 
that a locomotive can push as well as pull and thereby 
obviate the necessity for changing over, which exists 
in the case of the pony . There will be cases where the 
locomotive must change position, but these will occur 
in definite situations in marshalling and making up 
trains on main haulage roads where cross-overs can 
casily be arranged. ‘Lhe locomotive is much quicker 
in all respects than the pony in moving the tubs, and 
the claim made by Mr. Hoseason in favour of the pony 
is really one of the defects, since the time occupied in 
changing over is wasted. I suppose that every battery 
locomotive designer has at one time or other been 
struck with the idea as put forward by Mr. Hoseason 
of doing away with resistances by taking tappings off 
the battery. In this particular instance it is impracticable 
to design a satisfactory flameproof jumper which would 
be capable of being readily removed in order to take off 
the battery and which would at the same time deal with 
the leads required for this arrangement. Apart from this, 
such an arrangement would enormously increase the 
charging difficulties and reduce the life of the battery. 

Mr. McKinnon is quite right in his statement that 
the storage battery has not received much attention in 
the paper. I do not agree with him, however, when 
he says that the storage battery is the most important 
part of the locomotive. Mr. McKinnon is a battery 
designer and I am afraid the battery looms large in 
his perspective. The motor or the controller designer, 
or the designer of any part used on the locomotive, 
could have brought a similar charge. Indeed, the 
storage battery locomotive designer could very easily 
have levelled such a charge since, owing to the necessity 
of keeping the paper to a reasonable length, it deals 
with merely the special features required in the design 
of a locomotive for performing a certain definite task 
in a coal mine. Apart from this, however, so much has 
already been written about battery design and such little 
progress has been made in the last few years that I 
absolutely disagree with Mr. McKinnon that anything 
new could be said. I did not refer to the specification 
of the Markham Committee for information on the 
design of the batteries. I think that this specification 
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prepared by a responsible body of men is instructive 
and I merely referred to it as such, and I do not under- 
stand what Mr. McKinnon wishes to infer when he states 
that the 1-hour rate of discharge bears a definite ratio to 
the 5-hour rate. He also criticizes the suggestion that 
the smallest number of cells that can be got into the 
space available should be used. Fig. A, based on 
information supplied by Mr. McKinnon's own firm, 
shows the weight and area occupied by a battery, 
and amply proves my point. The price of the battery 
will be approximately in proportion to the weight. 
With regard to maintenance, Mr. McKinnon points 
out the obvious fact that one large cell is more ex- 
pensive to repair than one small cell This, however, 
has nothing to do with what I said. In a battery 
containing twice the number of cells the chances of 
failure due to defects of various kinds are doubled. 
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Fic. A.—Comparison between weight, area and number of 
cells for battery, of 22 kWh capacity at the 5-hour 
discharge rate. 


Mr. McKinnon’s contention, pushed to its logical con- 
clusion, is that the chances of breakdown are the same 
on any size of battery. This, of course, is absurd. 
When Mr. McKinnon referred to the extra copper 
required for the low-voltage battery I think that he 
must have had in mind the outside circuits, controller, 
motor and cables. These, of course, must be kept in 
mind and the voltage must be kept within reasonable 
limits. Sucha point, however, can be left to the common 
sense of the designer who will in any case want to use 
standards and will therefore select the lowest permissible 
voltage that will enable him to do so. Mr. McKinnon's 
next statement is so vague that I am afraid I do not 
know of what he is complaining. Apparently I am 
suffering from a popular misconception with regard to 
the short-circuiting of batteries, and he states that all 
batteries can be short-circuited without damage. As far 
as I know that is all I asked for. The paper shows that 
no damage could possibly occur to the external apparatus 
due to a short-circuit, as they are fully protected by the 
over-load device. The battery must stand short-circuits 
which may accidentally occur inside the battery case 
or where the circuit breaker cannot isolate them. I 
think it is quite clear that I referred to working con- 
ditions when I said that arrangements should be made 
to see that electrolyte cannot be spilled. It is obvious 
that it is not permissible to have a lot of acid spilled 
in the mine. It is a little difficult to know why Mr. 


McKinnon mentions the accident which happened to 
the locomotive at the Markham trials. This locomotive 
was, however, designed by me and is the one referred 
to by Mr. Rose in this discussion. A definite stipulation 
is made that the arrangement should be such that 
electrolyte cannot be spilled, and to Mr. McKinnon's 
mind this is vague and lacking in help to the designer. 
With regard to the life of the battery, Mr. McKinnon 
is quite right in saying that the life depends upon the 
number of cycles of charge and discharge. For the 
type of locomotive in question it is possible in 3 years 
that the number of cycles of charge and discharge may 
be as much as 2 000, and it is for this reason that I 
fixed the life at about 3 years for a lead battery. Lead 
batteries, however, under less severe conditions have 
been in operation for considerably longer periods with- 
out showing signs of distress. It is absurd to suggest 
that I indicated in the paper that the battery could 
not be used at temperatures over 110? F. The stipula- 
tion made by the manufacturers is that the temperature 
when charging should not exceed 110° F. and is not 
couched in vague terms as suggested by Mr. McKinnon. 
I quite agree that battery makers have a wealth of 
data on battery design, which are, however, easy of access, 
but, for the paper, I endeavoured to select details which 
I regarded as not so easy of access. 

Mr. Southern makes a general statement to the 
effect that battery locomotive designers do not give 
sufficient attention to the battery and that the battery 
designer in his endeavour to obtain a perfect cell for 
locomotives receives no help from the locomotive 
designer. I cannot conceive any designer being so 
foolish as to refuse help in connection with the battery, 
a subject on which he obviously cannot know as much 
as the maker. With regard to the question of springing 
which Mr. Southern raises, this is a very important 
matter, and I am of opinion that the chassis carrying 
the battery should be supported on properly designed 
leaf springs which give the cushioning effect combined 
with the necessary damping action to soften down the 
track shocks. There are also buffer shocks to be taken 
into account; on low-speed locomotives these may be 


: worse than the track shocks and some form of spring 


buffer is preferable if it can be arranged to suit the type 
of tub used. Finally, I can only assure Mr. Southem 


_ that as far as I am concerned I shall be delighted to 


provide any help it is possible for me to give in arriving 


| at a perfect battery for locomotive work. 


I should like first to assure Mr. Mallinson that I 


have had some practical experience and to point out 
that one cannot design anything without some theory. 
| I do not know from what statement Mr. Mallinson 
. concludes that I have ignored the users' point of view; 
' indeed I was under the impression that it was solely 


from consideration of the users' point of view that the 


| design was evolved. Surely Mr. Mallinson understands 
that the paper covers only a type of locomotive designed 


for a specific purpose in a coal mine, and he is surely 
not so ignorant of what has already been done with 
battery locomotives to assume that 7 h.p. is the limit 
to the size of battery locomotive used for general 
purposes. Now let us apply a little common sense or 
theory, whichever term Mr. Mallinson prefers, to his 
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next statement, viz. “ The user will consider the load 
that the locomotive wil haul and not what the order 
sheet says it is designed for. They simply load it up 
until they burn it out." The tractive effort or the load 
the locomotive will haul is restricted by the adhesion 
between the wheels and rails and it is very difficult to 
do what Mr. Mallinson says is done, because the loco- 
motive would refuse to be overloaded, especially if the 
rails were laid down in the rough and ready manner 
suggested by Mr. Mallinson. Apart from this, it is a 
simple matter to prevent such misuse by providing a 
properly designed overload circuit breaker which 
cannot be interfered with. The two-motor design has 
been already fully dealt with in my reply to Mr. Horsley, 
and I would refer Mr. Mallinson to my reply to the 
discussion in London. I should like to add that the 
remarks only refer to the particular design of locomotive 
dealt with in the paper, and for locomotives of the type 
required by Mr. Mallinson where there is no very large 
amount of manceuvring at low speeds these remarks do 
not apply and, since the resistances will not require to 
be flameproof, the same difficulties do not exist. The 
speed of 34 miles per hour was given for a certain 
operation; it was not intended to take men in and out 
of the mine at this speed. Indeed, the speed of the 
locomotives wil vary depending upon conditions. The 
figure of 34 miles per hour was selected by the Markham 
Committee for a gathering locomotive, but even for 
this purpose higher speeds are desirable where the 
conditions permit. It is, I think, quite obvious that 
the locomotive should be designed for the highest 
speed that can be employed with safety and economy. 
I should like Mr. Mallinson to tell me where in the paper 
I indicated that I relied upon a perfect line of contact 
on the rails. With regard to the laying of the rails, 
although the practice in some mines is very rough and 
ready it is not quite what Mr. Mallinson suggests. It 
is for this very reason that sufficient care is not taken 
in laying rails, that the importance of getting good 
adhesion was emphasized in the paper. The extra cost 
of laying a reasonable track is negligible compared with 
the benefit obtained. I should have thought it un- 
necessary to emphasize such an obvious conclusion. 
The situation of the locomotive station where the 
batteries are changed and charged will depend upon 
the lay-out of the mine and the conditions existing. 
It should be situated in the main air intake as close as 
possible to the track over which the battery locomotive 
works. It is impossible to give fuller details unless a 
particular case is taken. If Mr. Mallinson will furnish 
me with details of the mine in which he intends to use 
locomotives and particulars of the duty, I will show 
him where to put his charging station. I do not think 
that any increase in the maintenance staff is necessary 
in a mine when locomotives are installed. If Mr. 
Mallinson’s ‘‘ experience ” has been that he needs a 
large staff to look after the motors themselves he must 
have been peculiarly unfortunate in his choice of trolley 
locomotives. He has already indicated by his early 
remarks that they must be of curious design. I do 
not understand what Mr. Mallinson means when he 
says that “ The battery is a costly piece of apparatus 
which it is proposed to put into a dark corner with very 


little senior supervision." The battery wants the same 
amount of intelligent attention that is readily given to a 
haulage, conveyor, pump or any other piece of apparatus 
in the mine, and no more. Mules and “ burros " need 
a great deal more intelligent care than the battery does 
—the pity is that they sometimes do not get it. Mr. 
Mallinson’s other difficulties have been dealt with 
previously in the discussion. 

Mr. Browne raises the question of coal-face conveyor 
systems as compared with the use of locomotives and 
tubs. This question was also raised by Mr. Simon 
during the Newcastle discussion. Since replying to 
Mr. Simon I have had an opportunity of going into the 
question further and have obtained some very interesting 
details on conveyor systems. I have said in the paper 
that the locomotives cannot compete with the conveyor 
from the point of view of speed, and this is true no matter 
what the thickness of the seam. The exponents of the 
conveyor system go further than I do in this connection 
and they maintain it pays to install conveyors on the 
thinnest seam it is practicable to work. It is estimated 
that a 15-in. seam is the thinnest seam that can be 
worked economically. The points against the loco- 
motive for gathering and conveying to the main haulage 
roads are as follows : 


(1) The extra labour entailed in lifting the coal to a 
height of 3 ft. to get it into the tub as compared 
with a height of, say, 10 in. to get it into the 
conveyor. For this class of work we can only 
consider the cheaper form of shaker conveyor 
which entails handling the coal. On thicker 
seams a conveyor could be used of a type 
which cuts out most of the handling. 

(2) The extra work entailed in making more gate- 
ways which will be required with the locomotive 
and removing at least 3 ft. of top or bottom 
ripping to allow headroom for the locomotive 
and tubs. 


As against these drawbacks there is the high cost of 
the conveyor system as compared with the locomotive, 
and on thin seams it appears to me that by properly 
laying out the face a case could be made out for the 
locomotive. Supposing, however, that a conveyor 
system is installed for the coal face, feeding into a gate 
conveyor leading to the main haulage road, then in 
order to keep the conveyor system running it will be 
necessary to keep a supply of empty tubs at the delivery 
end of the conveyor. For instance, at one colliery the 
gate conveyor is capable of delivering coal at the rate 
of over 1 ton per minute. It is obvious that the present 
systems of haulage cannot deal with this quantity of 
coal satisfactorily and it is here that the mining loco- 
motive can be used for main haulage. For this type 
of work a much larger and more powerful locomotive 
than that described in the paper would, however, be 
necessary. On thick seams I have not the slightest 
doubt about the conveyor system being very much more 
economical than any system of locomotives and tub 
loading. I cannot, however, give comparative figures 
because they do not exist. Mr. Browne raises the 
question of speeds, and in this connection I would refer 
him to my reply to the discussion at London. In 
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addition I should like to point out that in the United 
States, where I am afraid we must go for most of the 
data, it has been found that storage-battery locomotives 
with speeds of 34 miles per hour at their rated draw-bar 
pull are able to gather almost as many tubs per day as 
the higher-speed trolley locomotives. In gathering 
Service the runs in many cases are short and about 
half the journeys are made running light, so that the 
speed on these journeys will be about 7 miles per hour. 
On short runs it is impossible to exceed this speed, and 
locomotives with higher rated speeds have to run with 
resistances in circuit. This indicates that the loco- 
motives should be designed for the highest speed that 
can be employed with safety and economy. With 
regard to standardization, there is, of course, no reason 
why a standard design of locomotive for a 2-ft. gauge 
should not be adopted. Such a design has existed for 
some considerable time; it is difficult, however, to get 
mine owners and managers to realize their good fortune. 
One need not go to the United States for data on lubri- 
cation; our experience with grease cups on armature 
bearings of the ball or roller type has led manufacturers 
in this country to do away with them entirely. In 
the adoption of ball and roller bearings and in experience 
in the use and fitting of these bearings I believe we are 
in advance of the United States. Ina properly designed 
bearing one filling of grease is sufficient to last about a 
year and there is no necessity for lubricators of the 
screw-down type which can only force grease through 
the bearing into the motor. The examples supplied by 
Mr. Browne are interesting and supply a valuable 
addition to the discussion. Most of the examples 
referred to are familiar to me and bear out the figures 
given in the paper as to the possibility of replacing pit 
ponies. With regard to the application of a battery 
to a coal-cutter as described by Mr. Browne, I am 
interested to note that he states the primary object is 
to eliminate the danger of ignition of gas or coal dust. 
I cannot understand this claim. All coal-cutters, 
except in very isolated cases, are flameproof and I do 
not see how the battery assists in obtaining better 
protection. The battery is merely another piece of 
electrical apparatus which has also to be provided with 
a flameproof case. Mr. Browne probably means that 
a lower voltage can be used with the battery supplying 
power than would be the case if power were utilized 
from the main supply through a trailing cable. I am 
afraid that many of the other advantages claimed by 
Mr. Browne for this scheme would not be conceded by 
the colliery engineer. 

Mr. Atkinson is quite right when he says that one 
motor is preferable to two, but this is unfortunately 
not the question I was considering. The real question 
is whether one motor with a flameproof resistance is 
preferable to two motors. I must point out to Mr. 
Atkinson that the design of contactor controller suggested 
is such that it is impossible for it to close on the worst 
gradient and in fact the controller will work in any 
position since it is cam-operated. With regard to 
Mr. Atkinson's suggestion that the locomotive be rated 
in pony power, I am definitely of opinion that such a 
rating would be useless and in fact misleading. The 
locomotive must be rated in draw-bar pull and ton- 
miles to convey any sensible information to the purchaser. 


Mr. Rose is correct in stating that it is difficult to 
produce a locomotive that complies with all the con- 
ditions mentioned in the specification prepared for the 
Markham competition. The chief difficulty is weight. 
Clearances and dimensions can be complied with, but 
it is difficult to design a locomotive strong enough for 
mining conditions without exceeding the weight given. 
Sanding apparatus which will function properly after 
passing through a considerable depth of water needs 
to be of very special design, but I believe that the 
problem is not incapable of solution. Mr. Rose then 
mentions one of the difficulties which the author has 
been looking to the battery designer to overcome. 
The position is that the electrolyte must not be spilled 
and a large space should not be left on the tops of the 
cells for the accumulation of gas. As battery designers, 
what are Mr. McKinnon and Mr. Rose going to do 
about it ? Both Mr. McKinnon and Mr. Rose were con- 
sulted about the design of the battery compartment of 
my locomotive, that is, the one with 100 nuts to remove 
the cover. Neither of these gentlemen could offer any 
better suggestion at the time the compartment was 
designed. I also expected that amongst ''the wealth 
of data " (to use Mr. McKinnon's words) there would 
be some information as to the violence of explosion of 
a mixture of hydrogen and air and some data as to the 
pressures realized, having in view the number of such 
explosions that have been caused from time to time by 
innocent investigators. No assistance was obtained 
from the battery maker on this score, and I had to 
obtain my data from another source which convinced 
me of the necessity of the number of nuts mentioned 
if anything like flametightness was to be expected under 
the pressure realized by a detonation of hydrogen and 
air. Mr. Rose apparently does not realize even now 
that pressures amounting to 200 lb. per sq. in. can be 
obtained by the detonation of a mixture of hydrogen 
and air, in the correct proportion. Apart from this, I 
should like to point out to Mr. Rose that the locomotive 
having the 100 nuts has now been in operation about 
3 years and the battery is in quite good condition. 
With regard to the lining, the compartment in question 
was lined with sheet rubber which seems to have stood 
up to the service quite well. It is, however, somewhat 
expensive, and something cheaper and less combustible 
but providing the same cushioning qualities is badly 
wanted. lam in general agreement with the remainder 
of Mr. Rose's remarks. 

It is difficult for me to understand why Mr. Herbert 
considers the battery as the vital part of the locomotive, 
and brushes aside the other problems as not presenting 
any serious difficulties. He cannot have obtained his 
point of view from the paper and he must therefore 
have gathered it from what has been said by the 
battery designers. I would therefore refer him to mv 
reply to their remarks. I should also be very interested 
to know what are the attractive features presented 
by the cell with wood diaphragm separators. Wood, 
vulcanite and rubber are all combustible materials and 
the battery designers should be attempting to avoid 
them instead of calling them attractive. 

I should have agreed with Mr. Haworth had it not 
been for the opinions put forward by the battery 
designers during this discussion. 
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Mr. S. A. Simon: Referring to Mr. Miller’s paper, 
undoubtedly there should be scope for battery locomo- 
tives underground, and the Markham award should be 
instrumental in giving an impetus to wider knowledge 
on this subject. I cannot, however, visualize the 
employment of locomotives for marshalling purposes 
at the junction of the haulage roads (landings) under- 
ground, and I should like to ask Mr. Miller whether he 
can cite any collieries where locomotives have been 
in satisfactory use underground for this purpose. I 
should hardly have thought that locomotives could 
compete with rope haulage or creepers for this duty. 
I should be glad if Mr. Miller would explain the grounds 
for his statement that a case cannot be made out for 
conveyor systems for comparatively thin seams. In 
the collieries with which I am connected, face conveyors 
have been in operation for many years all in compara- 
tively thin seams, and their continued use and intro- 
duction into other pits is a testimony to their economy 
and usefulness. Can Mr. Miller state how the use of 
locomotives instead of ponies in gate roads would 
affect the type of rails generally in use ? I should imagine 
that very much heavier rails would be required. May I 
presume that Mr. Miller would not consider it necessary 
to go to the extra expense of flame-proof gear in open, 
light pits ? 

Mr. Nelson touches the thorny question of private 
versus public supply and, while he does not introduce 
any novel arguments, he must be given the credit of 
fairly representing both points of view. While costs 
are not generally kept with the same degree of fine- 
ness that may be found desirable for public supply, 
in my (possibly somewhat limited) experience they 
are kept with sufficient accuracy to enable a reason- 
able indication of the cost of power to be obtained, 
and whether the colliery company lays out the capital 
or not, it is the consumer, i.e. the colliery, who 
ultimately has to find the interest and depreciation as 
well as the cost of administration and maintenance. 
The efficiency of generation plays only a very 
minor part in this question, as the cost of trans- 
mission, distribution and administration is such a high 
proportion of the total cost. It has been stated by a 
leading engineer that even if the supply undertaking 
obtained its fuel for nothing at all, it could still not 
supply at a competitive figure on account of these other 
charges. This may in part be attributed to the costly 
switchgear and discriminating protective devices neces- 
sitated by the comparatively enormous powers now 
concentrated in modern power stations, from which the 

* The following papers were the subject-matter of the discussion :—*' The 
Applications of Machinery at the Coal Face," by Mr, S. Mavor (see vol. 64, 
age 989); "The Design of Storage-Battery Locomotives for Use in Coal 


lines," by Mr. L. MILLER (sce vol, 64, page 1004); and “Electricity in 
Mines: A Short Survey," by Mr. R. NErsoN (sce vol. 64, page 1011). 


private plant with its smaller units is freed. Mr. Nelson's 
arguments seem to apply rather to small isolated pits 
than to the larger concerns or groups of pits in fairly 
close proximity which can with advantage adopt some 
scheme of interconnection and centralization, such 
as that cited in South Yorkshire and Nottinghamshire. 
Such schemes are more particularly justified where 
surplus heat or low-grade fuel is available. Co-operative 
working is a development of the private generating plant 
and its successful operation can hardly be adduced as 
an argument in favour of public supply. I deal below 
with Mr. Nelson's four special points :— 


(1) Generally when laying down a private plant 
some allowance for growth of demand and 
provision for ultimate extensions of the gene- 
rating plant are made so that new machinery 
can be introduced quite as quickly and easily 
up to the full capacity of the reserve as with 
an outside supply: and even with an outside 
supply occasions arise when an extension of 
the service apparatus is necessary. 

(2) I have generally found that adequate spare plant 
is provided at colliery stations, as reliability 
is usually the first consideration: on the other 
hand, interruptions of public supply are by no 
means unknown. Crows and similar birds 
have a partiality for transmission lines. 

(3) Having current ‘‘on tap” is undoubtedly a 
convenience, but even this can be overrated. 
It is generally necessary to have someone in 
attendance to comply with Regulation 128a, 
so that the saving of labour by eliminating 
generating plant is limited. 

(4) There is often a suspicion or anxiety (doubtless 
quite baseless and unwarranted) in the minds 
of the colliery owners that at the termination 
of the agreement the supply undertaking will 
attempt to increase the price of current. 


Possibly in many cases a satisfactory solution will be 
found in some co-operative system of parallel running, 
of which examples are already in existence. Mr. Nelson's 
statement that ‘‘ many schemes which have been only 
moderately successful as partial electrifications, have 
been greatly improved by a complete change-over ” is 
highly significant. Fairly recently a strong case was 
put forward by a leading mining engineer for such partial 
electrification in which the major items of plant such as 
winder and fan are steam-driven, and it would be of 
immense importance to the all-electric enthusiasts to be 
able to adduce actual cases in which this arrangement 
had proved to be wrong and the complete electrification 
justified in practice. I hope Mr. Nelson will be able 
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to give fuller particulars on this subject, if possible with 
the support of actual figures. It is most gratifying to 
have Mr. Nelson’s statement that in mining electrical 
apparatus British manufacturers have established a 
lead over all other countries (including Germany). 
Mr. Nelson has enjoyed exceptional opportunities of 
comparing apparatus in different mines, and his opinion 
will no doubt be corroborated by those whose daily 
work lies among such apparatus. It is to be hoped that 
the activities of the B.E.S.A., which is at present engaged 
in the standardization of colliery requisites, including 
electrical apparatus for mining work, will assist not 
only in maintaining but in increasing that lead. 

Mr. Mavor has given a very comprehensive survey of 
the development and present position of coal-face 
machinery. The adoption of these machines and 
methods in any particular case is mainly a mining engi- 
neering question, which the electrical engineer is not 
competent to discuss. The electrical engineer’s part lies 
in the proper choice of apparatus and attention to details 
to suit the exceptionally severe conditions of service 
(1 have frequently seen a conveyor motor with a pit 
prop on top of it, helping tosupport the roof). I propose, 
therefore, to confine my remarks to describing some of 
the apparatus used by the collieries with which I am 
connected, in the hope that their experience may be 
of some assistance to others, and to omit any discussion 
of general principles of machine mining. This company 
has used face conveyors in several pits for a number of 
years. These are of the scraper type about 100 yards 
long and are mostly driven by special 9 h.p. 720 r.p.m. 
totally-enclosed medium-pressure (625 volt) 60-cycle 
squirrel-cage motors, through chains and friction clutches. 
The motors are switched direct on to the line by means 
of oil switches attached to the motors, with overload 
trips with delayed action and no-volt release. Armoured 
three-core cables in the gate roads terminate in gate- 
end switches from which originally the current was 
conducted to the conveyor motors by means of 4-core 
C.T.S. cables suspended by canvas hangers to pit props. 
The inbye end of the C.T.S. cable was coiled on a drum, 
which was laid on the '' canch " close to the conveyor 
head. A short length of similar cable was connected 
to the motor switch and provided with a plug which 
fitted into a receptacle at the side of the drum. These 
plugs and sockets were a constant nuisance: it was 
extremely difficult to maintain a satisfactory and 
reliable earthing system with them. The commercial 
development of systems of gate-end switchgear, auto- 
matically insuring maintenance of the earthing system 
(Williams, Rowley, etc.) was a step in the elimination 
of some of the plug difficulties, but the cost of these 
gears was serious. Eventually on the suggestion of 
H.M. Electrical Inspector of Mines a trial with a pliable 
armoured cable in place of the unarmoured C.T.S. 
flexible cable was made, dispensing entirely with the 
plug connector. This is a three-core cable insulated 
with vulcanized rubber and sheathed, the cores being 
made of a very large number of fine wires to obtain 
pliability: it is armoured with flexible steel strands, 
and is finally served with a pliable braiding of impreg- 
nated cord. The armouring complies with the Regu- 
lations as regards conductivity and sectional area and 


is attached to the motor switch and feeder cable by 
permanent armour clamps. To allow for the progressive 
movement of the conveyor from day to day, the pliable 
cable is wound in figures of 8 on a pair of bollards (about 
18 in. diameter) fixed on a frame which can be placed 
on a pit trolley for transport. Unfortunately, trouble 
in the pits and the stoppage have interfered with the 
thorough trials of this system, but sufficient experience 
has been gained to show that it is on right lines. It is 
proposed to adopt a similar cable of somewhat larger 
section to feed both a face conveyor and a coal-cutter 
gate-end box. 

The adoption of electricity as an agent in mining has 
already made its imprint on mining engineering, and as 
mining engineers learn to know more fully the poten- 
tialities of electrical applications they will in course of 
time so adapt mining methods as to make still fuller 
use of this most useful agency at their disposal. 

Mr. S. Burns: In the concluding paragraph of his 
paper Mr. Mavor reviews his case with commendable 
reserve. We shall do well to follow his example and 
so discourage the popular misconception that appreciable 
reductions in coal costs will shortly follow the settlement 
of the coal strike and that such reductions can be effected 
easily by a reorganization of already well-tried methods 
of underground working. I have studied the economics 
of the power problem at collieries and I anticipate 
neither an early boom in coal-cutter and underground 
conveyor business nor a startling reduction in the 
tonnage cost of coal when in due time colliery engineers 
are again disposed to entertain expenditure in respect 
of additional mechanical appliances for installation at 
the coal face. There are colliery engineering problems 
in connection with which we, as electrical engineers, 
can be useful, but I do not think the best of us has much 
to teach the mining engineer about coal winning. That 
is why I am sceptical of the too-simple theory that 
where coal costs are to be reduced all that need be done. 
is to install more coal-face machinery. I know there 
is more in the problem than that. In the Midlands, 
where the seams are located at greater depths than those 
with which we here are concerned and where the long- 
wall method of working is popular, the ''butties " 
exercise considerable ingenuity. Their timbering 
arrangements are so manipulated that in the working 
of the coal full advantage is taken of the travelling 
weight of the strata. With this system the face must 
not be advanced at a greater rate than that which just 
permits of the worked coal being removed before it is 
assailed and crushed by the weight bearing upon it. 
I think I am correct in saying that at one of the deepest 
of the South Yorkshire pits coal-cutters are at the 
present time being displaced by hand labour. But 
consider longwall working under local conditions. The 
length of a longwall face is not an arbitrarily chosen 
dimension—the face length is determined by the daily 
tonnage output required from the district, and the daily 
tonnage output is in turn determined by the haulage 
facilities available in the district. Where the coal is 
worked by hand a failure to traverse the face completely 
once each day may cause disappointment to the 
management, but a similar failure where machine 
cutting is employed, and where the operations of setting 
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up, cutting, shooting down and filling must therefore 
follow one another in regular sequence, is a much more 
serious affair. In order to ensure this regular sequence 
of operations it is not unusual for as many persons to be 
employed in the district under machine-cutting condi- 
tions as were originally employed there when the coal 
was hand-hewn—indeed I have in mind a case where 
the introduction of coal-cutters and their proper manipu- 
lation has led to an actual increase in the number of 
persons employed—and as the basis for comparison of 
one method of working with the other is the daily output 
per person employed in the district, it follows that if 
full advantage of machine-mining methods is to be 
derived, the aggregate daily output must be increased 
appreciably. If, then, the length of the face has been 
scientifically determined in the first place, the probability 
is that under the new conditions the haulage facilities 
available will be inadequate for the new demand. The 
haulage system will in such case require to be remodelled. 
An increase of the daily output per person from 30 to 
35 cwts. may appear attractive, but it should not be 
overlooked that the change-over is economically unsound 
unless the extra yield of coal more than repays the 
quite considerable interest, depreciation and mainte- 
nance charges not only upon the cutting plant with its 
incidentals but upon the additional haulage plant also. 
Other considerations occur to one: a capable coal- 
cutter attendant must combine the pit sense with a 
mechanical turn of mind and such men are difficult to 
find; machine-mining necessitates a greater use of 
explosives, particularly in those cases where, in order to 
make fullest use of the cutter plant, it may be found 
desirable to cut the face in a direction other than that 
parallel to the cleat of the coal; the Report of the 
Royal Commission on the Coal Industry (1925) serves 
to show that, comparatively speaking, coal is mined 
efficiently in this county, and this notwithstanding 
that in Northumberland machine-mining methods are 
not extensively employed. However, I have no desire 
to be misunderstood—I believe there are benefits to be 
derived from a more extended use of machine-mining 
appliances—but [ have purposely stressed certain diffi- 
culties, with all of which Mr. Mavor is already acquainted, 
with a view to dispelling the popular idea that a reduction 
of coal-mining costs is a simple matter.  Roughly 
75 per cent of the production cost of coal is accountable 
as wages, and the problem of costs reductions would be 
solved if the wages bill could be appreciably reduced. 
The individual miner earns little enough and we are 
faced with the necessity of so rearranging matters that 
there will no longer be necessity for some of the labour 
operations which are only contributory to coal-working 
proper. I have in mind particularly the heavy costs 
of stonework. These considerations lead me to think 
that for those collieries where the seams are thin, where 
the coal is used for gas and coking purposes and where, 
therefore, its size is of no consequence, there is something 
to be said for a new method of working which some of 
us recently have seen being tried out at a Durham pit. 
In this case the coalis transported from inbye to outbye, 
through a pipe approximately 6 inches in diameter, 
by means of a suitably designed suction plant located 
below ground. A detailed description of the equipment 


would be out of place but the important points are that 
very few men are employed altogether; that in so far 
as the transporting of the coal is concerned the operation 
is performed by two men who rake to the inbye open end 
of the pipe whilst a lad controls the discharge into the 
tubs outbye; that no canch work is necessary (nothing 
more being removed than the approximately 20 in. 
thickness of coal which comprises the seam) ; and that 
the only connecting link between a locality in the 
vicinity of the shaft bottom and the gradually advancing 
face is a simple pipeline to which extension pieces are 
added as required. If it were found to be practicable 
to work a system of this kind, in conjunction with suitably 
designed coal-cutting plant, appreciable reductions in 
coal costs would be effected. | 

Mr. R. W. Mann : One can well agree with all that 
Mr. Mavor has to say on the necessity for adhering to 
a definite schedule of working for the successful applica- 
tion of intensive machine mining. Interesting reference 
is made to the development of the coal-cutter hand 
in hand with the electrical motor, and yet it would 
appear that advantage has still to be taken in many 
cases of the advance design of squirrel-cage motors 
adapted to give a high starting torque and drawing a 
reasonable current from the line, as compared with the 
orthodox design of squirrel-cage motor. Reference is 
made to the possible disadvantage of the electric motor 
as compared with compressed air, inasmuch as, in the 
words of the author, ‘‘ the willing electric motor responds 
by maintaining its speed in developing more and more 
power up to the limit of its capacity." This, however, 
is purely a matter of the control of the motor. Mr. 
Mavor unfortunately does not deal with the matter 
except by stating that it presents a somewhat special 
problem. The usually accepted system of the electrical 
lay-out of an intensive machine-mining face undoubtedly 
proves one of the biggest drawbacks to machine mining, 
and coal-cutter manufacturers in general have not given 
this question anything like the consideration it deserves. 
On the other hand, purely electrical manufacturers 
have tackled the difficulty with a view to evolving a 
system on a unit principle which can be extended as the 
face develops to include the supply to and adequate 
protection of coal-cutters, gate-end loaders, conveyors, 
face pumps, face haulers, electric drills and lighting, 
with the advantage of being able to add at short notice 
a point of application for further plant and to dismantle 
or withdraw the whole system from a worked-out face 
to a face which is being developed, without the necessity 
of scrapping any apparatus or re-making cable joints. 
The electrical lay-out of a machine-mining face should 
go further than the consideration of the right type of 
mechanical plant or even the right type of electrical 
plant, but should commence from the pit bottom, due 
consideration being given to the amount of development 
which is likely to occur, or, where it is impossible to 
forecast such development, laying out the system on a 
very rough guess which will not involve the necessity 
for cables considerably too large, or, on the other hand, 
possible difficulties of voltage-drop. Experiments are 
proceeding not only with electric drilling on new prin- 
ciples but with the possibilities of adequate lighting which 
is so essential in intensive machine mining. 
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Mr. Miller deals very ably with a difficult subject 
upon which little definite information is available. He, 
however, deals mainly with the question of longwall 
working, whereas it is more than probable that the 
greatest use of the locomotive would be in arcwall 
working where, whether the seam is thick or thin, 
conveyors can rarely be used with advantage. Like 
practically all applications of machinery to the coal 
face, economies can only be made possible where manual 
labour is displaced, and this is not surprising in view of 
the fact that 75 per cent of the cost of mining a ton of 
coal is made up by wages. From investigations which 
have been made, it would appear that a case can be made 
for a battery locomotive where two ponies and putters 
are displaced in arcwall working. The reference made 
to the displacement of six ponies and putters in an 
American mine carries very little weight as far as this 
country is concerned. It is difficult to see how one 
locomotive could do the work of six ponies for longwall 
working, and, as far as the methods of working in this 
county are concerned, it would be a physical impossi- 
bility for a locomotive to do the work of six ponies for 
arcwall working. Mr. Miller makes out a very definite 
case for the two-motor locomotive with its lack of 
resistance control as compared with a single-motor loco- 
motive, taking into consideration the particular condi- 
tions for which a locomotive has to be designed for work 
in this country. 

Mr. W. Bickerton: I do not think that much 
progress has been made in the design of longwall chain 
coal-cutters recently, as we have chain machines working 
at present which were built in Newcastle 18 years ago 
and still compare favourably with the modern cutter of 
to-day. Ishould like to know what thickness the thinnest 
seams are to which the author is accustomed, and how 
many yards are cut per shift. We are cutting in seams 
Írom 18 inches upwards. What is the average tonnage 
filled per man on the face, and does the author prefer 
chain or rope haulage? We prefer the latter method, 
as trouble is experienced with the chain getting 
twisted and the links breaking when passing over the 
sprockets. What is the average number of places cut 
per shift with an arcwall machine ? We average about 
12 to 14. 

Mr. H. W. Clothier (communicated) : The introduc- 
tion of the electric locomotive, as discussed by Mr. 
Miller, involves a question of standardization in respect 
to the plug-and-socket connection. Much difficulty 
has been experienced recently in obtaining finality in 
the interchangeable dimensions of plugs and sockets 
for coal-cutter service, and it is to be hoped that steps 
will be taken at an early stage to avoid the use of too 
many different designs for the electric locomotive. 
With this in view, I would suggest that the require- 
ments be submitted now to the British. Engineering 
Standards Association after a study has been made of 
the two existing specifications, viz. (1) the 150-ampere 
two-pole concentric vehicle plug (Specification No. 74), 
and (2) the 100-ampere three-pin flame-proof plug 
(Specification No. 279—1927). 

Mr. S. Mavor (in reply) : The remarks of Mr. Simon 
and Mr. Mann on electric cables and switch control for 
mobile coal-face machinery illustrate how development 


of underground practice in these matters is beneficially 
influenced by mining electrical engineers. 

The increasing number of electrical engineers who 
have experience of pit conditions and who are devoting 
close attention to the difficult problems associated with 
power supply to mobile coal-face machinery ensures 
continued progress. They will find manufacturers of 
plant and apparatus anxious to have their guidance 
and willing to develop their designs in accordance with 
approved practice. 

Mr. Burns underrates the economies usually derived 
from coal-cutters. As a general statement the increase 
of output by coal-cutters may be put at about 50 per 
cent per faceman ; in individual cases the increase may 
be much more or much less. It is not suggested that 
changes of mining method are easy—they are often very 
difficult, and the difficulties are both physical and 
personal, but they must be tackled. The economies to 
be gained by mechanical aids in the winning of coal 
are now being realized in such measure and under such 
widely differing conditions that nothing can prevent a 
greatly extended use of coal-face machinery. 

The coal-cutter of to-day embodies the fruits of the 
great advance in engineering practice during the last 
20 years; various alloy steels and their appropriate 
heat treatments, modern methods of precision in 
machining, the use of ball and roller bearings, and other 
advantages not available to coal-cutter designers 20 years 
ago all contribute to the quality and improved efficiency 
of the present-day machines. That Mr. Bickerton's 
coal-cutters of 18 years ago are still working well is 
highly creditable to their makers and to their users, but 
to argue from that that the machines are as good as 
the machines of to-day is to deny the fact of progress 
in engineering practice. 

In reply to the question as to the thinnest seam worked 
by coal-cutters, it mav be said that the smallest longwall 
coal-cutters, are 12 in. in height; the lower limit of 
workable thickness is therefore not imposed by the 
machine but by the possibility of a man following it. 
A total height at the face of about 17 in. may be taken 
as the approximate minimum; in space so restricted 
a man works at great disadvantage and chiefly by arm 
strength. 

The lineal distance undercut by machines in seams 
where about 18 in. is the total height of the working 
depends largely on the hardness of the material to be 
cut and on the roof and floor conditions. No general 
statement as to distance can be made, and it is unsafe 
to generalize from individual cases. As one example of 
what can be done where the conditions other than 
restricted height are favourable, an instance may be 
given of machines in a total height of 18 in.—16 in. of 
coal and 2 in. of bottom dirt—cutting 140 lineal yards 
3 ft. deep in the average time of 13 hours bank to bank, 
and maintaining this with perfect regularity from year's 
end to years end. The average monthly performance 
is 2 840 lineal (and square) yards undercut, yielding an 
output of 1080 tons. In another example, in a seam 
17 in. thick with 2 in. of bottom dirt, giving a working 
height of 19 in., a distance of 120 yards was undercut 
3 ft. 3 in. deep, regularly also in 13 hours bank to bank, 
the monthly area undercut being 3 000 square yards and 
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the output 1100 tons, the output per faceman being 
2 tons 15 cwt., the former output by hand working 
being 1 ton 7 cwt. These illustrate the technical 
possibilities under favourable physical conditions and 
good organization ; the degree of approximation to the 
performances indicated will depend on these factors. 
The quality and market price of the coal are of course 
important elements in the economic problem of working 
very thin seams. 

Mr. L. Miller (in reply) : It is difficult to understand 
Mr. Simon's failure to visualize the use of locomotives 
for marshalling purposes at the junction of haulage 
roads underground. After all, this problem is in many 
respects no different from similar problems above ground 
where traffic is congested and trains have to be made 
up. Shunting locomotives are being used quite effec- 
tively for this job above ground, and in America the 
battery locomotive is being used underground. I can- 
not at the moment cite any colliery in this country 
where battery locomotives are being used for this 
specific purpose ; this, however, is not surprising having 
in view the comparatively small number of battery 
locomotives in use here. A rope haulage or creeper has 
not the mobility of the locomotive, which is like a 
portable haulage, and it is because of this that the 
locomotive scores on this service. 

Mr. Simon raises the question as to where it is 
justifiable to install face conveyors as against battery 
locomotives. It is impossible to generalize on this ques- 
tion; each case must be worked out by itself. I note 
that Mr. Simon has installed face conveyors on com- 
paratively thin seams and is continuing to do so. I 
would ask him, however, if he has considered the use 
of a battery locomotive as compared with the face 
conveyor on some of the very thin seams. I feel sure 
that he would find that there is a case for the battery 
locomotive. On thick seams where there is a large 
quantity of coal to remove after each undercut by the 
coal-cutter the face conveyor undoubtedly has the 
advantage, but as the quantity of coal to be removed 
decreases (for the same amount of work done by the 
coal-cutter) then the battery locomotive has the ad- 
vantage on the score of capital charges. Mr. Simon 
asks how the use of locomotives instead of ponies in 
the gate roads would affect the type of rails generally 
in use. I do not think a locomotive would necessitate 
any change in the type of rail, but there are, however, 
so many ditferent types and weights of rail in use that 
it is difficult to be positive about this. The question 
of rails has recently been investigated by the British 
Engineering Standards Association, when it was found 
that the weights of flat-bottomed rails in use varied 
from 14 to 40 Ib. per yard, bridge rails from 14 to 22 lb. 
per yard, and plate rails from 18 to 31 Ib. per yd., ex- 
cluding a small number purchased outside these weights. 
With regard to the use of flame-proof gear, I presume 
that if open lights are allowed in any pit then it would 
not be necessary to use flame-proof gear. The decision 
would, however, have to be made by the Home Office. 

Mr. Burns commences the discussion on a very pessi- 
mistic note, generally on points which my colleagues will 
deal with. Towards the end of his remarks, however, 
his courage returns and he becomes very much braver 
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than any of us when he describes a scheme for conveying 
coal which, to say the least of it, is highly experimental 
in this particular application. This scheme is simply 
another form of conveyor and a most inefficient form 
at the best. Where similar schemes have been used, 
mainly in connection with grain elevators, the principal 
advantage has been found in the convenience with which 
the flexible hose through which the grain is drawn can 
be moved about inside the hold of the ship. The power 
required and the capital cost entailed are, however, very 
much greater than with the usual bucket conveyor. 
When compared with some of the later mechanical coal 
conveyors I am afraid that these disadvantages will be 
accentuated without any corresponding advantage 
similai to that obtained with the grain elevator. 

I am in general agreement with Mr. Mann in his 
remarks. I cannot agree with him, however, when he 
says that the reference to the displacemerrt of six ponies. 
and putters in an American mine carries very little weight 
as far as this country is concerned, nor do I under- 
stand on what arguments he is basing this statement. 

With regard to Mr. Clothier's remarks, I think I have in- 
dicated that standardization is very essential and I would 
assure Mr. Clothier that we shall take an early opportunity 
of getting in touch with the B.E.S.A. in connection with 
the question of plugs or jumpers for locomotives. 

Mr. R. Nelson (in reply): I do not think there is. 
a serious difference between Mr. Simon and myself on 
the subject of public versus private supply. The argu- 
ment advanced in the paper is that where there is a 
public supply of reasonable efficiency available, it pays 
in most cases to take advantage of that supply. It is 
true that there are areas in which colliery establish- 
ments are able to generate at rates as cheap as those 
at which the supply undertakings can sell, but there 
are other areas, including most of the important coal- 
fields, in which this does not hold, except, it may be, 
in a very few cases, and I do not think it is possible 
to carry the argument further. It really boils down to. 
the fact that close consideration of all the circumstances 
is necessary in nearly every case before a true conclusion 
can be reached. This statement covers, I think, Mr. 
Simon’s contention, and, with the addition that, what- 
ever conclusion may have been reached in the past, many 
collieries would now be justified in reconsidering the 
purchase of electric power, it covers my own also. 

The successful co-operative working mentioned by 
Mr. Simon which now exists in a few places is, I think, 
definitely an argument in favour of public supply. 
Co-operative working is evidently an advantage or 
it would not exist, but the full benefit, firstly of large- 
scale generation, and secondly of diversity of demand, 
can only be realized where there is established a system 
of transmission and distribution covering a wide area 
and dealing with demands from all kinds of industries. 

Mr. Simon appears to endorse the view, attributed 
to “a leading mining engineer," that partial electri- 
fication may in some cases be the best policy. It is 
not, perhaps, possible to say that this is never so, but 
it is certain that those cases in which it is so must be 
very few. I am familiar with the details of an electri- 
fication scheme just completed where it is expected to 
save each year a month’s output from the mine, and it 
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is certain that no half-measure could produce so striking 
a result. On the other hand, it wil be within the 
experience of most of those who have had to do with 
a partial electrification that, so long as week-end and 
stand-by losses remain, the actual saving in coal is often 
disappointingly small. 


DISCUSSION ON "AN ALL-ELECTRIC HOUSE.” 


I note Mr. Simon's answers to the four practical 
advantages which follow from the purchase of current 
from an outside source given in the second paragraph 
on page 1013. Where they apply I am quite content to 
accept them. They do not, in my view, seriously affect 
the general conclusion. 


DISCUSSION ON 
"AN ALL-ELECTRIC HOUSE.” * 


WESTERN CENTRE, AT SWANSEA, 6 DECEMBER, 1926. 


Mr. J. W. Burr: The author referred to tariffs as 
the dry part of his lecture, but I think that most people 
are very interested in the financial as well as the practical 
side of the question. The author's energy costs were 
arrived at by means of a two-part tariff consisting of a 
fixed charge equal to about one-eighth of the rent, and 
a running charge of Jd. per unit. I prefer a fixed charge 
based on the maximum demand; I do not think that 
the charge is equitable when based on the rateable or 
rental value of a house. I am in favour of an all-in 
charge of £X per kW of maximum demand for all 
uses. I believe it to be possible to offer an attractive 
all-in charge to the consumer even from a steam-driven 
station, particularly if the manufacturers develop heat- 
accumulating devices. The author has dealt very ably 
with electric cooking but has not mentioned the many 
incidental advantages such as the reduced shrinkage 
of meat. I know that a saving in food can be effected 
by the use of the electric cooker, as I have tested it. 
In regard to the design of cookers, I agree with the author 
that the unit system has several advantages and I hope 
he will persevere with his suggestions. Referring again 
to the all-electric house, the first question the consumer 
will ask is: What is the cost of the apparatus ? and I 
am afraid the reply will cause the majority of consumers 
to give the idea up. Supply undertakings must therefore 
be prepared to find the capital and institute a hire or 
hire-purchase scheme for consumers. I suggest that 
supply undertakings will be well advised to adopt a 
bold policy in this matter and purchase and maintain 
all the necessary apparatus, letting it out at a price 
which will cover the cost of maintenance only. The 
increased consumption will, in my view, justify the 
capital expenditure involved. I agree with the author 
that the supply undertakings should see that the con- 
sumer is Satisfied, and this, in my opinion, is only possible 
with an efficient maintenance service. I should be glad 
if the author would say what was the extra cost of 
wiring his house for all the domestic appliances and 
whether he found C.T.S. cable buried in plaster to be 
quite satisfactory. 

Sir Arthur Whitten Brown: The author states 
in the last few words of the paper the whole crux of 
the problem. The whole question rests upon the tariff, 

* Paper by Dr. S. P. Smith (see vol. 64, pP. 289, 777 and 888). 


and I imagine that the author has taken advantage of 
the position of the supply undertaking. He was buying 
his current at a time when the undertaking was badly 
in need of consumers, and they offered a special rate. 
What would happen to the consumer who asked for 
current when the power station was supplving at 100 
per cent load factor? Domestic consumers must have 
hot water and they should have an abundant supply. 
Where it is possible to obtain it on off-peak terms the 
heat-storage system is good. Mr. Burr has spoken of 
the ''all-cin" tariff; if at a suitable rate this would 
solve the problem of the all-electric house. It would 
make it essential for people to have an all-electric house 
in order to live cheaply. The author's figure of £40 a 
year for the entire cost due to the use of electricitv for 
all purposes, in place of coal, coke and gas, is rather 
under what I estimate, certainly for the Swansea district, 
to be the cost of coal and gas, using no electricity what- 
ever, but any tariff which would give a similar cost 
per year for electricity only, and at the same time permit 
the unrestricted use of electricity, would be a boon. 
With the “ all-in ” tariff, the cooking load with ordinary 
apparatus would require a maximum which would 
unduly raise the price of the power required. It was 
found that the cost of power for water heating was 
reduced because heat could be stored in the water, 
thus spreading the load and reducing the maximum, 
and I firmly believe that heat-storage could also be 
used for cooking. It is possible to store heat at the 
temperature required, or even higher, in certain grades 
of oil which can now be distilled. This would enable 
a 24-hour load to be taken and would reduce to a 
minimum the maximum demand and therefore the 
cost of power. In such a heat-storage system there 
would be slight leakage, but this could be utilized by 
intercepting it for other purposes at lower temperatures. 

Mr. A. Bremner: I have spent some days in an 
all-electric house, and I can confirm much of what 


the author has said. His house was built for the use 


of electrical appliances, whereas the house at which I 
stayed was an old one, in which it was found possible 
to dispense with the service of one domestic. The author 
mentioned that his house was wired with C.T.S. cable 
and that the cable was buried in plaster. Does the 
plaster have any effect on the wire? I noticed that 
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the atmosphere of the rooms was very humid. As I 
have already stated, however, the house at which I 
stayed was not new and there were no special ventilators. 
When the rooms became overheated, windows had to 
be opened, and this created a draught. I am of the 
opinion that without a cheap tariff the all-electric house 
will be too expensive for the majority of people. It is, 
however, an ideal house to live in. 

Mr. H. O. Davies : We have given much thought to 
the question of burying cables under plaster and the 
protection required where the cable is liable to mechanical 
damage. <A good deal of stress has been laid on the 
question of tariffs, but, as representing a supply under- 
taking, I would suggest that another matter of much 
importance is that of wiring. There should be some 
scheme of cheap and reliable wiring. 

Dr. S. Parker Smith (in reply): It is encouraging 
to hear Mr. Burr, a supply engineer, advocate the hiring 
out and maintaining of electrical equipment. Unless 
this is done, progress is likely to be slow. As explained 
in the paper, it is hard to say exactly how much extra 
cost is involved in wiring an all-electric house, for the 
simple reason that in any house which is properly 
wired provision is made for lighting and heating in 
every room. A better way of regarding the matter is 
to recognize that in all-electric houses the wiring is, 
on the whole, used much more efficiently. No trouble 
whatsoever has been experienced with C.T.S. cable 
buried in plaster—in fact no wiring fault at all has 
revealed itself. 

There is little need to fear what will happen to the 
domestic consumer when the load factor of the station 
reaches 100 per cent. Should this desirable object ever 
be attained, I think Sir Arthur Whitten Brown will 
agree that electrical energy will then be so cheap that 
it can be freely used for all purposes almost regardless 
of cost. It is true that the load with the ordinary 
cooking apparatus is unduly large, but it has been 
clearly shown in the paper and discussion that the use 
of utensils with self-contained elements may well halve 
the maximum demand for this service. 

The possibility of damage to C.T.S. cable under 


plaster, as referred to by Mr. Bremner and Mr. Davies, 
could be met by running the cable in open tubing 
bushed at the ends in places where nails, etc., are likely 
to be driven, or by covering the cable with cement at 
those places. I think Mr. Davies does well to emphasize 
the need of cheaper wiring. There is room for much 
improvement here, for much harm has often been done 
byinsisting on screwed conduit. Not only is this system 
unnecessarily expensive in new buildings, but it is 
objectionable in an old building to maltreat good 
plaster work for this purpose, to say nothing of the 
annoyance caused to inmates by noise and dirt. Some 
of the more modern methods of wiring are cheaper, 
more reliable and preferable, and it is to be hoped 
that supply undertakings will move in this matter. 
Mr. Bremner refers to the humidity of electrically- 
heated rooms in an old house in which he had stayed. 
I can only state my own experience of the all-electric 
house described in the paper. The house was sub- 
stantially built with hollow walls, and due care was 
taken to make the space under the house as waterproof 
as possible. Also the ventilation of the rooms was 
properly provided for. The house has been in continu- 
ous occupation (except for brief holidays) for nearly 
3 years and no discomfort due to dampness, humidity or 
anything else has been experienced. Despite its 
proximity toa largecity, the house is easy to keep clean, 
and it is difficult to imagine more comfortable conditions 
under which tolive. Though many of the arrangements 
adopted were necessarily of a novel character, with 
the exception of changes in the cooker already referred 
to in the paper and discussion, no alterations in the 
original electrical plans have been made or are desirable. 

In conclusion it may be stated that the experiment 
has proved conclusively that with suitable tariffs 
electricity is incomparably more convenient and healthy 
for all household services than any other mode of obtain- 
ing light and heat. As time goes on and cheap electricity 
becomes more and more available, there is no reason 
to doubt its widespread use in the homes of Great 
Britain and other countries where climatic conditions 
are temperate. 
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59TH MEETING OF THE WIRELESS SECTION, 2 FEBRUARY, 1927. 


Mr. E. H. Shaughnessy, O.B.E., took the chair at 
6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 5th January, 1927, were taken as read and 
were confirmed and signed. 


An informal discussion, opened by Mr. C. F. Phillips, 
took place on the subject of '' The Purpose and Design 
of Broadcast Receivers." On the motion of the Chair- 
man a vote of thanks to Mr. Phillips was carried with 
acclamation, and the meeting terminated at 7.45 p.m. 
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753RD ORDINARY MEETING, 3 FEBRUARY, 1927. 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
20th January, 1927, were taken as read and were con- 
firmed and signed. 

A list of candidates for election and transfer, approved 
by the Council for ballot, was taken as read and was 
ordered to be suspended in the Hall. 

A list of donations to the Benevolent Fund (see 


754TH ORDINARY MEETING, 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
3rd February, 1927, were taken as read and were con- 
firmed and signed. 

Messrs. S. F. Hill and I. H. Jenkins were appointed 
scrutineers of the ballot for the election and transfer 
of members and, at the end of the meeting, the result 
of the ballot was declared as follows :— 


ELECTIONS. 
Associate Members. 


Barrett, Lucas, M.A. Lye, Robert William G. 
Bing, Maurice William, Parton, David Edwin. 
B.Sc.(Eng.). Trickett, David Alan. 
Dobson, John Easton. Vivian, William Ellery. 
Hammond, Edward John. Wollison, Laurence. 
Woodhouse, Thomas. 


Graduates. 


Kumar, Harbans Lall, 
B.Sc.(Eng.). 

McCulloch, Robert. 

McShain, John Daniel. 

Mahmoud, Mohamed Ah- 
med. 

Phillips, Cyril Bonville. 


Andrews, Allan. 

Berg, Alfred Gordon, B.E. 
Berg, Clement Leonard. 
Bryant, Frank. 

Bull, Arthur John. 
Catton, Horace William. 
Davis, George Hedley. 


Duce, George Leonard A. Pyke, Edward Joseph, 
Du Toit, Petrus Joubert, M.A. 

B.Sc.(Eng.). Stevenson, Charles Leon- 
Farmer, Albert Ernest, ard. | 

M.Sc. Stonehill, David Hareven. 


Hart, Alfred. 
King, Wilford Bertrand. 


Stowers, Arthur, 
B.Sc.(Eng.). 


Students. 
Archer, Ronald Wilfred. Butler, John Henley. 
Asher, Richard William. Catling, Alan Benjamin. 
Baldwin, Kenneth Beard- Chauhdri, Mohammad Ab- 
shaw. dul G. 
Batcock, Bernard John. Church, Ernest Alan. 
Bidmead, Frederick Clatworthy, David John. 
Charles. Clay, Ralph Arden. 
Blackman, Ronald Arthur. Cocke, Kenneth John R., 
Brown, John Carey, B.Sc. B.Sc.(Eng.). 


page 285) was taken as read, and the thanks of the 
meeting were accorded to the donors. 

A paper by Lieut.-Col. K. Edgcumbe, R.E. (T.A.), Vice- 
President, and Mr. F. E. J. Ockenden, Graduate, entitled 
‘Some Recent Advances in Alternating-Current Measur- 
ing Instruments,” was read and discussed. 

On the motion of the President a vote of thanks to 
the authors was carried with acclamation, and the 
meeting terminated at 7.50 p.m. 


17 FEBRUARY, 1927. 


Students—continued. 


Cooper, Arthur Ronald. 

Dalziel, George. 

de Silva, Ruwanpura Sud- 
harman. 

Dey, Neil Alan. 

Duffus, Jackson. 

Dunn, John Frederick. 

Edwards, Harold George. 

Evitt, Frank Beresford. 

Flack, Joseph Gilbert. 

Foggo, John Mowbray. 

Forgan, Albert George. 

Fouracre, Arthur Joseph. 

Gaymer, John Edward I. 

Gillespie, Frederick F. 

Glover, Ernest Percival. 

Groom, Leonard Henry. 

Hamid, Abdul. 

Handa, Jiwa Ram. 

Haque, Sheikh Altaf. 

Harper, Reginald Frank. 

Harradine, George Doug- 
las. 

Harrison, George Bernard 
W. 

Hart, John Aubrey. 

Hawley, William George. 

Higgins, Percy Victor. 

Hoffman, Origen Herman. 

Ireland, George Donald. 

Jenkins, John William. 

Johnston, Campbell Stan- 
ley. 

Jones, Norman Godfrey. 

Kerr, Alexander Norman 
D. 

Kerry, Alfred. 

Law, Denys Maurice O. 

Lironi, Thomas Victor. 

London, Peter. 

MacGregor, Roderick Mar- 
cus, B.Eng. 

Mansbridge, Francis Ro- 
bert J. 

Manson, George Andrew. 


Marshall, William. 

Martin, Donald Eustace. 

Mather, John Walter S. 

Moore, John. 

Moore, Joseph Aubrey. 

Mumford, William Bevan 
R. 

Napier, John Cyril. 

Parker, Alan. 

Parker, Arthur Jack. 

Paton, James Steele P. 

Pitman, Edwin Frank. 

Postlethwaite, Francis 
Eugene. 

Pountney, Cyril Graham. 

Price, Ernest Maurice. 

Pritchett, Richard Maurice 
B. 

Ricks, Bertie William. 

Russ, Charles Godfrey, 
B.Sc.(Eng.). 

Saied, Shaikh Mohammed. 

Sengupta, Narendra Nath, 
B.Sc. 

Smith, Richard Alliston. 

Sugden, Eric William. 

Taylor,Raymond Wickson. 

Taylour, Henry Horatio. 

Thomas, Owen Ernest. 

Thompson, Ronald. 

Torr, Samuel. 

Tozer, Arthur King. 

Uren, Tesla Leone. 

Vigar, Walter George. 

Vos, Laurence Stanley. 

Wadsworth, Arthur Valen- 
tine. 

Webb, Cyril George. 

White, Herbert Ernest. 

Wight-Boycott, Alexander 
Hubert. 

Williams, Alfred Thomas. 

Wilson, Patrick Godfrey M. 

Winter, Ronald Edward. 

Witcomb, Frederick Lee. 
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TRANSFERS. 


Associate Member to Member. 


Mandeno, Lloyd. 
Martin-Cooper, 
Alfred. 
Milliken, Robert Cecil. 
Priestly, Percy. 


Bernard 


Ramsden, Scow- 
croft. 

Ritter, Edward Stanton. 

Toogood, Henry Feather- 


ston. 


john 


Graduate to Associate Member. 


Birch, 
B.Sc. 

Booker, William Mason. 

Daniel, Thomas Ernest, 


Robert Rule, 


Doran, William Ernest, 
B.A. 
Galbraith, Reginald Arthur 


H., M.A., Lieut.,R.C.C.S. 


M.Eng. Nuesch, John. 
Davis, Horace Gilbert, Phillips, Edmund Arthur. 
B.Sc.(Eng.). Scott, Thomas Robertson, 


de Burgh, Desmond Her- 
louin, Flight Lieut., 
R.A.F. 


B.Sc. 
Small, Allan Jamieson, 
B.Sc. 


Student to Associate Member. 


Barry, Leonard Allan,B.Sc. 

Bernard, John Iver, B.Sc. 
Tech. 

Butcher, John Henry. 

Cleveland, George Robert 
E. 

d'Assis-Fonseca, Harold 
Mountjoy M., B.Sc. 

Forshaw, Henry Watson, 
M.Sc. Tech. 

Francis, LeslieBeeson, B.Sc. 

Frome, Norman Frederick, 
B.Sc. 

Fuchs, Arnold, B.Sc.Tech. 

Havlor, Leslie Jack H., 
B.Sc.(Eng.). 

Helden, Albert Edward. 


Higgs,George Robert, B.Sc. 

Huntley, Richard John, 
B.Sc.(Eng.). 

Inglis, Charles Colin. 

Ivey, Ewart Godfrey, 
B.Sc.(Eng.). 

Joseph, John. Reynolds, 
B.Sc.(Eng.). 

Lerpiniere, Edward. 

Long, Arthur Leslie, 
B.Sc.(Eng.). 

Lowry, Leonard Powell, 
M.Eng. 

Mason, Alfred Guy L.,B.Sc. 

Nunn, Charles Herbert. 

Rawll, Reginald Henry. 

Simons, Evelyn John. 


Associate to Associate Member. 


Jones, Oswald Charles. 


Student to 


Acheson, Frederick 
William, B.Sc. 

Akehurst, John Reginald C. 

Bacon, Douglas Charles. 

Barnes, Philip Carrington, 
B.A. 

Barry, Hilary Cope. 

Booth, Clifford. 

Brandon, George Douglas. 

Brennan, Hugh, B.Sc. 

Brown, Henry Austen, 
B.Sc.(Eng.). 

Budgett, Felix La Tou- 
rette, B.Sc.(Eng.). 

Carter, Ernest. 

Clewett, William Henry. 

Cribbes, Robert Lamb. 

Crowley, Eric Conger. 


Ely, Raymond Edward V. 


England, Benjamin. 

Fearnley, Bertie Ernest. 

Field, Charles Edgar, 
B.Sc.Tech. 

Fry, Eric Charlton. 

Grepe, Frederick Yorke. | 

Grieve, John Watkin. 

Griffith, Herbert Clewin. 

Heap, David, B.Sc.Tech. 

Hockin, Philip Richard P., 
B.Sc.(Eng.). 

Holmes, William Temple. 

Johnstone, Hubert Trevor. 

Lamond, James, 
B.Sc.(Eng.). 

Lindsay, Andrew Went- 
worth. 


A paper by Mr. F. H. 


Graduate. 


Longstaff, George. 

McAlpine, James. 

McComb, Hugh. 

McEwan, John William. 

McMahon, Alfred Joseph, 
B.Eng. 

Mozumdar, 
Nath, B.Sc. 

Newhouse, Kenneth Henry 
A. 

Oldcorn, Eric Carlton T., 
B.Sc. 


Dhirendra 


Oliver-Bellasis, Richard, 
Lieut., R.N. 

Pacheco, Olavo Irineu 
de C. 


Paddle, Leslie Harold. 

Pegg, Arthur Crosskill. 

Rheam, George Turner T., 
B.Sc. 

Scott, William. 

Short, William Thomas 
| 

Simpson, Alan Alfred. 

Stoner, Charles Robert, 
B.Sc.(Eng.). 

Suarez, Anthony Joseph. 

Tattersall, William. 

Trimen, Alfred Edwin. 

Tucker, Valentine. 


Usher, Frederick Francis 
C., B.Sc.(Eng.). 

Vivian, William Aubrey, 
B.Sc.(Eng.). 


Webb, Leonard. 
Weston, Cecil Burton. 


Clough, C.B.E., Member, 


entitled ''Stability of Large Power Systems," was 


read and discussed. 


On the motion of the President a vote of thanks to 
the author was carried with acclamation, and the 
meeting terminated at 7.40 p.m. 
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The Benevolent Fund. 


The following is a list of the Donations and Annual 
Subscriptions received during the period 26 March- 


25 April, 1927 :— 


Arnold, M. H. (Hong-Kong)... px c= 4 


Aust, O. L. G. (London) 


Baldwin, S. J. W. (Ahmedabad, India) 


Baldwin, W. L. (Glasgow) 
Baty, J. E. (London).. 


£ s. d. 
Alexander, T. R. (Enfield) : . 9e 5 OF 
Allan, J. (Alloa) zs js si só 5 0 
Allan, P. F. (Newcastle-on-Tyne) .. - 15 0 


Beckett, T. R. (Tonbridge) .. 
Beebee, A. T. S. (Ilford) 


»oonococo: 
cococcot 


* Annual Subscription. 
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Bennett, H. P. (Birmingham) 
Beynon, B. T. (Manchester) 
Bowden, J. R. J. (London) 

Cater, C. (Chuquicamata, Chile) 
Causbey, R. J. (Chester) oa 
Chamen, W. F. (Llantwit Vardre) .. 
Chubb, W. L. (Stoke-on-Trent) 
Clarke, A. E. (Manchester) .. 
Collins, A. (London) 

Collins, W. (Bristol) . : 
Committee of the China Local Centre 
Craven, J. G. (Leeds) . 

Crisp, M. H. T. (Nam Tu, Burma) . 
Crocker, W. A. (Bradford) 

Crook, E. H. (London) 
Cuthbertson, C. (Stoke- on-Trent) 
Dent, L. B. (London) is 
Edwards, E. (Stockton-on-Tees) 
Elmhirst, R. J. (London) 

Essex, G. W. (Thrapston) 

Evans, R. L. (Shanghai) 

Faning, V. E. (Brighton) 

Farmer, C. D. (London) 

Field, H. (Swansea) . 

Forbes, L. J.-B. (St. Helens) i5 
Foulkes-Roberts, D. S. (Denbigh) .. 
Foulkes-Roberts, M. W. (Denbigh).. 
Freeman, J. G. (London) ; iy 
Gillitt, R. (Wallsend-on-Tyne) 
Green, H. (London) ‘a 
Hackworth, W. R. (London) i 
Hardaker, E. V. (Hebburn-on-Tyne) 
Hart, D. A. (London) . 2 
Hart, S. H. (Mitcham) 

Hartley, G. C. (London) 

Henwood, H. J. (Ilford) 

Hewett, T. L. (Thames Ditton) 
Hodson, W. (Aberdeen) ` 
Honour, C. (Carlisle) . ‘ 
Hugh-Jones, T. W. (Lobitos, Peru). : 
Hunt, J. A. (London) : i 
Hunter, G. (Gateshead- on-Tyne) 
Hutchinson, A. P. (Carshalton) 
Isaacs, R. G. (Swansea) 

Jack, J. M. (Hong-Kong) 

Johnson, E. M. (Sale) : 
Johnson, F. H. (Felixstowe).. 
Johnson, J. (London) 

Kehoe, H. (Bury) ‘ E 
Kelman, W. H. M. (London) 

Kerr, P. C. (Greenock) 

Kirby, C. C. (Salford) 

Kitching, P. H. (Croydon) 

Lang, W. (London) .. 

Leigh, J. H. (Manchester) 

Lindley, G. (Barnsley) 

Lovell, W. D. (Bradford) g's F 
Macarthur, N. B. (Dundee) .. T n. 3 0 
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SOME RECENT ADVANCES IN ALTERNATING-CURRENT MEASURING 
INSTRUMENTS.* | 


By Lieut.-Col. K. EDGCUMBE, R.E. (T.A.), Vice-President, and F. E. J. OcKENDEN, Graduate. 


(Paper first received 12th November, and in final form 28th December, 1926 : read before THE INSTITUTION 3rd February, 
and before the NORTH-EASTERN CENTRE 28th February, 1927.) 


SUMMARY. 


The writing of this paper has been prompted by the large 
amount of valuable material which has been produced during 
the last few years, but little of which has been brought into 
such a form as to make it available to the designer of 
electrical measuring instruments. 

By a process of elimination, the operating principles 
employed are gradually becoming less in number. For 
example, the use of the hot-wire principle is now almost 
confined to radio-frequency measurements, and the prophecy 
is hazarded that for the measurement of current and voltage 
at ordinary frequencies the electro-dynamic and induction 
principles will, before long, give place to the moving-iron 
principle. A useful feature possessed by the moving-iron type 
of meter is the wide latitude which is possible as regards 
the opening out or closing in of the scale divisions to suit 
the purpose for which it is required. 

The moving-iron instrument is investigated, from what is 
thought to be a new standpoint, and a form of “ pre- 
cision ’’ moving-iron ammeter and voltmeter, with an 
electrical accuracy of about 0°1 per cent and suitable for 
use indiscriminately with alternating current and direct 
current, is described. 

The use of series condensers for the extension of the range 
of electrostatic voltmeters for extra-high-voltage measure- 
ments is dealt with, the conditions necessary for the attain- 
ment of reasonable accuracy being considered. 

The use and limitations of thermo-expansion (hot-wire) 
ammeters for radio-frequency current measurements are 
considered, and a current transformer suitable for such 
measurements up to 1 000 amperes is described. 

It is shown that special considerations are involved in the 
measurement of rectified current. 

Some recent developments in the field of graphic instru- 
ments are dealt with, particularly as regards the “ relay ” 
pattern which has proved to be valuable for traction and 
Many other special purposes. 

A method of ensuring constant frequency on a supply 
system is considered, together with the advantages which 
accrue, particularly as regards ease of interlinking, and 
the possibility of driving recorders, time switches, etc., by 
means of a simple and compact self-starting synchronous 
motor. 

The design of current transformers is dealt with in detail, 
including the use of some new materials for the core, 
permeability and core-loss curves being given. The design 
of a bar (bushing) current transformer for low currents as 
well as of a precision type of current transformer is described. 
The latter is suitable for use with sub-standard measuring 


* In deference to custom, the expression ‘* measuring instruments ” has been 
used in this paper, although in the ''Glossary of Terms used in Electrical 
Engineering," recently published by the British Engineering Standards 
Association, ‘f meter ” is thus defined :— 


" An instrument serving to indicate, to integrate,or to record graphically, 
one or more of the electrical conditions of a circuit.” 


In view of the general use of the terms *' voltmeter,” “ wattmeter,” etc., this 
extension of the meaning of the word '' meter '' seems to be logical, convenient, 
and well worthy of adoption. 


instruments, and has a ratio error of less than 0:1 per cent 
and a phase displacement of less than 65 minutes. The 
desirability of connecting a protective resistance in series 
with voltage-transformer fuses is emphasized, and it is 
shown that such a resistance, if properly designed, need not 
adversely affect the characteristics of the transformer. 

The capacity of meters, shunts, current transformers, etc., 
to withstand heavy short-circuit currents is considered, 
and safe limiting values are deduced. 


GENERAL. 


If any excuse is required for bringing the subject of 
electrical measuring instruments before the Institution, 
it may be sufficient to point out that during the past 
35 years only two papers dcaling with it in a general 
way have been read before this or any kindred body,* 
although it is, admittedly, a subject of considerable 
importance to electrical engineers. 

The ground to be covered is so wide that it was 
necessary to limit the scope of the paper. The authors 
have, accordingly, dealt only with indicating and 
recording as distinguished from integrating meters, and 
have further confined themselves to reviewing what 
appeared to them to be the more important develop- 
ments of the last few years and to giving some account 
of investigations carried out by one of the authors. 

The aim of the modern designer of electrical measuring 
instruments must be to produce an instrument which 
is, from every point of view, thoroughly '' serviceable,” 
using the term to include convenience in use, freedom 
from breakdown, and ample '' precision," this latter 
term being used in its broadest sense to cover not only 
the intrinsic accuracy of the meter but, as far as 
practicable, errors due to inexperience or carelessness 
on the part of the user. The requirements under each 
of these headings have become more exacting as the 
industry has expanded, and at the same time the range 
of measurement to be covered has notably increased. 
Thus, there is now a demand for industrial instruments 
capable of measuring voltages up to several hundred 
kilovolts on the one hand, and currents down to a few 
micro-amperes on the other. Power outputs, again, 
are now measured in mega-watts, and frequency in 
mega-cycles per second. 

Fortunately for the manufacturer, the number of 
different sizes of meter shows a tendency to decrease. 
This country has always been prodigal in this respect ; 

* J. Swinburne: “ Electrical Measuring Instruments," Proceedings cf the 
Institution of Civil Engineers, 1892, vol. 110, pt. 4, p. 1; and K. Evccumse and 


F. PuNcA: “ Direct-I&eading Measuring Instruments for Switchboard Use," 
Journal I.E.E., 1904, vol. 33, p. 620. 


I.E.E. JOURNAL, Vor. 65, No. 366, JUNE 1927. 36 


554 


EDGCUMBE AND OCKENDEN: 


SOME RECENT ADVANCES IN 


round, sector, edgewise, and other forms, with cases of 
every conceivable size, shape, finish and colour, having 
been produced by the docile manufacturer, merely, as 
it would seem, to gratify the idiosyncrasies of some 
particular user. The modern tendency is, however, to 
concentrate on the 6 in. or 5 in. round sizes for general 
industrial use, and on the 6 in. or 8 in. sizes for switch- 
boards. The development of the control room, where the 
saving of space is of paramount importance and where 
the meters are seen at relatively close quarters, has 
led to the adoption of the 5 in., 4 in. and even smaller 
sizes. For many industrial purposes, 3 in. or 2 in. 
round instruments are all-sufficient, and are economical 
in respect of both first cost and space occupied. 

The general tendency in the construction of measuring 
instruments, as of all other engineering products, is to 
eliminate hand-work as far as possible, with the result 
that stampings and die-castings have largely taken the 
place of machined parts, thus giving a standardized 
product which is both cheaper and better than 
heretofore. 

In view of the trouble experienced in the early days 
with unstable die-cast alloys, it may be well to emphasize 
the importance of avoiding the use of aluminium, and 
still more the use of zinc, in their preparation. An 
alloy containing zinc is almost certain to prove unstable 
and will sooner or later give trouble, particularly in 
tropical climates. The result of experience extending 
over 25 years is that white-metal die-castings are 
absolutely stable, even under the most adverse condi- 
tions, provided that the use of the above two metals is 
avoided. 


WorKING PRINCIPLES. @ 


A similar process of evolution has been going on 
as regards working principles. The hot-wire type, 
once so popular, particularly on the Continent, is now 
almost a thing of the past except for radio-frequency 
measurements (see page 565), and even for this purpose 
a moving-coil instrument used in conjunction with a 
thermo-couple offers many advantages, As regards 
the induction type, integrating meters operating on 
that principle proved so satisfactory that their indi- 
cating prototype dies hard, but it is coming to be 
more and more recognized that the integrating meter 
owes much of its success to the fact that both driving 
and controlling forces act upon the same member, 
i.e. the rotating disc, so that the elimination of tempe- 
rature errors is largely inherent, whereas with the 
indicating instrument this is not by any means the 
case. In the United States of America such instru- 
ments are now seldom seen, and their supersession by 
the 120° scale moving-iron pattern in this country is 
undoubtedly but a question of time. 

In the authors’ opinion a similar fate awaits the dyna- 
mometer type (or electro-dynamic, as it is perhaps 
better called) of ammeter and voltmeter. The electro- 
dynamic wattmeter is so excellent an instrument, both 
in theory and in practice, that it is often argued by 
false analogy that the electro-dynamic ammeter and 
voltmeter must be the same. It is, in fact, difficult to 
convince people that such is not and cannot be the 
case. The reason for this lies in tbe fact that the 


inductance of the moving coil can be kept low, whereas 
this cannot be done with the fixed winding. In the 
wattmeter, accuracy depends almost exclusively upon 
the constants of the moving-coil circuit, whereas in 
ammeters and voltmeters it depends upon the constants 
of both fixed and moving-coil circuits, and often upon 
an accurate balance of such constants. The authors 
hope to show in a subsequent section of this paper that 
moving-iron ammeters and voltmeters which do not 
suffer from these limitations may be made as instruments 
of precision and are in almost every respect equal, if 
not superior, to the electro-dynamic type. 

It seems safe to prophesy that, in the near future, 
industrial alternating-current requirements will be met 
as follows :— 


Quantity to be measured Type of meter 


Moving-iron, with or without 
current transformers 

Moving-iron, direct 
nected 

Moving-iron, through vol- 
tage transformers 

Electrostatic 

Electro-dynamic 

Thermo-couple or thermo- 
expansion (hot-wire) 


Current .. - 


Low voltages  .. con- 


Moderate voltages 


Extra-high voltages 
Power .. Ps ie 
Radio-frequency current 


SCALES. 


A scale subtending an angle of about 120° instead 
of 90° has now become almost universal in round in- 
struments. It seems probable that this has largely 
contributed to the elimination of the induction type, 
since the only advantage which can be claimed for the 
latter is its 300° scale. But this feature merely repre- 
sents an enhanced legibility, and it is useless to increase 
the exactness with which a certain deflection can be 
read if the inherent errors of the instrument are such 
that the correctness of the deflection itself is in doubt. 
As Mr. Evershed expressed it 20 years ago when dealing 
with a similar question: “ You magnify the errors 
rather faster than you magnify the readings.” 

An advantage possessed by the 120° scale as com- 
pared with the 300° is that the control spring is much 
less severely strained. The stress in the material of a 
given spring is proportional to the angle turned through, 
so that a 300° deflection involves a stress 24 times as 
great as that of the 120°. This necessitates the use of 
a thinner spring, with its attendant disadvantages and 
difficulties of construction. 

Much progress has been made of late in the design of 
meters having scale shapes appropriate to the service 
for which they are intended. Figs. 1 to 5 give some 
typical scales. Fig. 1 shows the evenly divided scale 
of a moving-coil instrument, which is of great utility 
for all-round work. Fig. 2 shows the scale of an 
alternating-current ammeter of the moving-iron type. 
Such a scale has the advantage of reasonable openness 
over its middle portion, whilst enabling considerable 
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overloads to be measured. For certain purposes it is 
desirable to be able to read accurately a current which 
may be 30 per cent or less of the full-scale value, and for 
this purpose the lower portion of the scale can be opened 
out as shown in Fig. 3. For a voltmeter the range 
called for is usually restricted, and a scale such as that 
of Fig. 4 proves useful. Fig. 5 shows a form of scale 


AN) 60 


Fic. 2.—Scale of moving-iron ammeter. 
qo 30 


‚Q 
S LO 


Fic. 3.—Scale of moving-iron ammeter, specially 
opened out at lower part. 


Fic. 4.—Scale of moving-iron voltmeter, specially 
opened out over working portion. 


which is particularly well adapted to general testing 
work, and relates to a form of moving-iron instrument 
which is dealt with in greater detail on page 557, 

In certain meters, notably those of the moving-coil 
type, the lower portion of the scale can be totally sup- 
pressed, whereby the spacing of the divisions in the 
upper part is correspondingly increased. For the 
reasons already given, when dealing with the dis- 
advantages of abnormally long scales, it is inadvisable 
to carry this practice too far. In B.S.S. No. 89 of 
1926, it is stipulated that the suppressed portion of 
the scale shall not exceed one-half of the whole. 


OPERATING FORCE. 


A feature which is only now beginning to receive 
the attention it deserves is, in the United States, 
expressively called ''ruggedness." Throughout their 
life, measuring instruments are subject to conditions 


which, in view of their inherent delicacy and the small- 
ness of the operating forces, are exceptionally adverse. 
In any case, it is obvious that the lighter the moving 
parts, the better will a meter withstand rough treat- 
ment. It was at one time believed that a criterion of 
excellence in this respect was the ratio of the torque 
(T) corresponding, with a given angular deflection, to 
the weight (W) of the moving parts. Experience has 
shown, however, that an instrument with light moving 
parts may have a lower ''torque/weight ” ratio than 
would be satisfactory for one with a heavier system. 
It is agreed, in fact, that the “ pivot factor ’’ (to coin 
a term) may be expressed as T/W”, but authorities 
differ as to the value to be given to n. 


Fic. 5.—Scale of “ precision ” moving-iron ammeter 
or voltmeter. 


Fichter,* as the result of calculation, supported by 
experiments on integrating meters, deduces the rela- 
tionship | 


Frictional torque — kfWr 


where f is the coefficient of friction, W the weight on 
the pivot, r the effective radius at which the force can 
be considered to be applied, and k a constant. The 
greater the weight, the more may the pivot point be 
regarded as being flattened out, so that r is increased ; 
and reasons have been adduced by Herz and others 
for assuming * to be proportional to the cube root of 
W, in which case 


Frictional torque = kfW Wi = kfWv33 


On this basis, the pivot factor of an instrument 
would be T/W 33, A factor of T/W ! 5 has been adopted 
by several authorities as representing the results of 
experience, and it is of interest to have the very similar 
value (ie. T/W!33) brought forward from theoretical 
considerations. 

Experience shows that the pivot factor, if expressed 
as T[W'95, should not be less than 0-0004 when T is 
expressed in gramme-cm per degree of deflection and 
W in grammes. 

Allusion may be made, in passing, to the commonly 
held idea that a spríng, in expanding under the influence 
of heat, will cause a deflection of the pointer. Phosphor- 
bronze, which is the material very commonly employed 
for the construction of control springs, has a temperature 
coefficient of expansion of about 0-0018 per cent per 
degree C. Assuming the spring to be 300 mm long, a 
temperature-rise of 20 degrees C. will therefore involve 
an increase in length of 300 x 20 x 0-000018 — 0-108 
mm. Assuming the outer end to be attached to the 
pointer at a distance from the pivot of one-tenth of 
the pointer length, it has usually been considered that 
the end of the pointer will be moved through 
10 x 0-108, i.e. 1:08 mm, owing to this cause. As a 

* R. M. Ficnter: Revue Générale de P Electricité, 1924, vol. 15, p. 1042. 
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remedy for this supposed trouble the use of two springs 
wound in opposite directions has been widely advocated. 

To investigate this question a phosphor-bronze 
spring was fixed by its centre in a small circular brass 
box provided with a glass window above and below, 
through which the outer end of the spring could be 
observed. The box had a heating element wound 
round its periphery and was filled with a transparent 
oil, the whole being then placed on the stage of a 
microscope, so that any movement of the spring could 
be observed by means of a micrometer eye-piece. 
Even when the temperature of the spring was raised 
from 20°C. to 120°C. no tangential movement of its 
end could be detected, and after a few irregular move- 
ments, due possibly to unequal heating, the angular posi- 
tion of the outer end was exactly the same as when cold. 

A little consideration led to the conclusion that such 
a result was to be expected. If a metal disc is heated, 
expansion will cause every part of it to move radially 
away from the centre, but no part will experience any 
tangential movement. If, by means of a spiral saw- 
cut, the disc is converted into a helical spring, there 
seems equally little reason to expect any such move- 
ment. In other words, the end of the helix will move 
radially but not tangentially. In the.case of an instru- 
ment spring, the radial expansion is so small as to 
be negligible compared with the inevitable side-play 
betwecn pivot and jewel. 

It is more difficult to account for the irregular 
movements which are sometimes found to accompany 
changes of temperature. An explanation which the 
authors put forward with some diffidence is that in the 
course of drawing the material down through dies, it 
receives slightly different treatment from the upper and 
lower faces of the dies so that the two surfaces of the 
spring differ somewhat in their characteristics and tend 
to behave in a manner analogous to, a compound strip, 
thus causing the spring to curl or uncurl with change 
of temperature. Since the movement may be in either 
direction, it obviously cannot be automatically elimi- 
nated by the use of two springs and can only be guarded 
against by extreme care in the manufacture of the 
spring. If a defect is detected in a finished instrument, 
the remedy is to exchange the faulty spring for a 
sound one. 

The only valid reason for the use of two springs 
coiled in opposite directions seems to be that the spring 
may show a tendency to uncoil as time goes on and 
that the uncoiling of one spring would be opposed by 
that of the other; but it is very unlikely that the 
uncoiling will be exactly the same in both springs, so 
that it seems better to take up, by means of the zero 
adjuster always provided, any permanent movement 
which there may be. 


INSULATION. 


The importance of preventing a breakdown of insula- 
tion in meters and their accessories is now fully 
recognized, and stringent rules in this connection are 
embodied in all recent specifications. The logical 
procedure would seem to be to make the test voltage 
proportional to that of the circuit on which the meter 
is to be used, and this is the course usually followed. 
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For simplicity, however, the British Engineering 
Standards Association specifies a fixed test voltage of 
2 000 volts (alternating) for meters intended for a circuit 
having a voltage not exceeding 660 volts, and a 500-volt 
test voltage for small-dial (2 in. or 3 in.) instruments 
intended for circuits not exceeding 250 volts. The 
German Rules, somewhat illogically it would seem, 
specify a test voltage which rises by a number of steps, 
commencing with a test voltage of 500. Fig. 6 shows 
graphically the test voltages according to the British, 
French, United States and German Rules, plotted to 
logarithmic co-ordinates so as to save space. 

lhe British Rules specify, in addition, a minimum 
insulation resistance of 10 megohms to earth, and of 
5 megohms between the current and voltage windings 
of wattmeters, etc. This provision, which has no 
counterpart in the French or German Rules, seems pre- 
ferable to a specification of ' minimum creeping sur- 


Test voltage 


0 
10 20 30 4050 100 
Circuit voltage 


Fic. 6.—Standard testing voltages in various countries. 


200 300400500 1000 2000250 


face," which appears in the latter Rules, since so much 
depends upon the material used and the design of the 
insulators. 

It must be admitted, however, that neither a high- 
voltage breakdown test nor an insulation test is con- 
clusive as to the capacity of the apparatus to withstand 
over-voltages, since the voltage test is, at best, but a 
crude '' hit and miss " device which gives little indica- 
tion of how near to breakdown the material may be, 
and the insulation test is usually carried out at a com- 
paratively low voltage. A measurement of the power 
loss in the insulation under the influence of the high 
voltage appears to be a much more rational and reliable 
method, although at present unsuitable for '' work- 
shop ” use. 


DEVELOPMENTS IN MOVING-IRON AMMETERS 
AND VOLTMETERS. 


The authors had for some time felt convinced that 
the moving-iron principle, if properly applied, would 
lead to the construction of a precision ammeter or 
voltmeter, as good as or better than the electro-dynamic 
type and suitable for use indiscriminately with alter 
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nating and direct current. Accordingly, the possi- 
bilities were carefully explored, and it is thought that 
the satisfactory results obtained and the steps which 
led up to them may be of interest to others working in 
the same field. 


GENERAL DESIGN. 


It had to be decided, at the outset, whether the single- 


iron or the double-iron principle should be used. It is 
often assumed that the double iron affords a higher 
torque for a given expenditure of power than the 
single, but the authors believe this to be a fallacy. 
In any case, it was found that for a given torque the 
volt-ampere consumption could be made lower with 
the single iron, owing to the reduced mean length of 
each turn. For this reason and others, it was decided to 
adopt a single iron of nearly circular shape, so pivoted 
that it could be drawn into a narrow slot in the centre 
of an oval coil, as shown diagrammatically in Fig. 7. 
It is well known that in an electrostatic voltmeter tHe 


Fic. 7.—‘‘ Precision ” moving-iron instrument. 


change of capacity, as the moving vane travels from 
the zero position to the full-scale position, is a measure 
of the torque. Drysdale and Jolley * have pointed out 
that, with a moving-iron instrument, the change of 
self-inductance, as the iron moves from zero to the 
full-scale position, is likewise a measure of the torque 
and, other things being equal, of the designer’s skill. 

It was found that with the single iron in a flat coil 
the relative change of self-inductance could be made 
larger and the product J*Z smaller than with any other 
form of movement, thus confirming the wisdom of the 
choice. Messrs. Drysdale and Jolley f have measured 
the percentage change of self-inductance in a number 
of meters of different makes and found it to vary 
from 0:73 per cent to 12-65 per cent, the average 
value being about 3-5 per cent, whereas the authors’ 
coil and moving iron when tested on the Anderson 
bridge showed an inductance of 0:06 henry with a 
change of inductance of as much as 30 per cent from 
zero to full deflection. The product IZL was found to 
be 1500, the current J and the inductance L being 
measured in C.G.S. units. 

Having decided upon the form of the coil and moving 
iron, the dimensions had to be settled. It was clear 
that, as the size of the coil was reduced, the expenditure 

* C. V. DRYSDALE and A. C. Jorrev : “ Electrical Measuring Instruments," 


vol. 1, p. 132. 
t Loc. cit., Table 29, p. 274. 


of power required to provide a given number of ampere- 
turns would be increased owing to the reduced winding 
space available, but that the torque exerted on the 
iron due to that number of ampere-turns would be 
increased, since each turn was nearer to the iron. 
Experiment showed that these two effects cancelled 
each other to such an extent that, within wide limits, 
the torque for a given expenditure of power was inde- 
pendent of the dimensions of the coil. On the other 
hand, a small coil presented many advantages over a 
larger one, notably in its lower self-inductance for a 
given number of ampere-turns. An oval coil with an 
overall width of 13 in. and a length of # in. was ultimately 
decided upon (see Fig. 7). 

The fundamental relationship between torque and 
exciting current in a moving-iron instrument, as indeed 
in every alternating-current ammeter or voltmcter, is one 
of squares, but a scale divided according to such a law 
is very inconvenient from the user's point of view. By 
suitably shaping the iron disc, and by taking advantage 
of the distorted field given by so short a solenoid, it 
was found possible to obtain a scale of the shape indi- 
cated in Fig. 5, which scale, except for the first 10 per 
cent, is sensibly evenly divided but exhibits a desirable 
closing up of the divisions towards the upper end. 


FLux DENSITY. 


Practice has differed greatly as regards the flux 
density in the iron, values ranging from 500 to 5 000 
gauss being found in representative moving-iron meters. 

The use of a thicker iron might at first be expected 
to increase the working forces, but the increase is 
insignificant compared with the increase of weight, 
since the iron path forms so small a part of the 
total magnetic reluctance that any lowering of the 
reluctance of the iron wil have only a minute 
influence on the total flux. Again, the reluctance of 
the iron is already so low compared with that of the 
air surrounding it that it will require a very great 
reduction to induce a larger proportion of the total 
flux to pass through it. A considerable part of 
the reluctance is due to the concentration of the 
flux in the air surrounding the ends of the iron, at 
which points the flux density in the air is very high. 
Owing to this, it was found that the torque could be 
increased by as much as 25 per cent without increasing 
the weight of the iron, by “ dishing up " its edges so 
that they presented a larger surface to the air where 
the magnetic lines passed from the one to the other ; and 
it seems probable that any small increase of torque 
which may result from a thickening of the iron is due 
principally to this cause. 

It had been observed that moving-iron meters in 
which the iron was worked at a very low flux density, 
say in the neighbourhood of 500 gauss, invariably gave 
a higher reading with alternating current than with 
direct current, more especially towards the upper end 
of the scale. Investigation showed that this was due 
to the shape of the B/H curve which, as will be seen 
from Fig. 8 (a typical alternating-current curve for 
stalloy), is reasonably straight above 1 000 gauss but 
below this flattens out considerably. In fact, the per- 
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meability of the iron at a flux density of 570 gauss is 
about 30 per cent greater than that at 400 gauss, as 
shown by the slope of the B/H curve at these flux 
densities. The effect of this will be clear if it is 
assumed that a direct current of 4 amperes, flowing 
through an ammeter winding, magnetizes the iron to 
400 gauss. An alternating current of 4 amperes 
(R.M.S.) will have an instantaneous peak value of 
about 5-7 amperes, which will carry the flux up to a 
part of the curve in which the permeability is much 


0 0-2 04 
Ampere-turns per cm 


Fic. 8.—Alternating-current B/H curve for stalloy. 


greater, so that the meter will read slightly high with 
alternating current as compared with direct current. 

In order to confirm the view that the phenomenon 
was due to this cause, and not to the pulsating or 
alternating nature of the current, a moving-iron 
ammeter, operating at low flux density, was connected 
in series with an ammeter known to give accurate 
results with both direct current and alternating current 
of any wave-form. Currents of various forms but all 
having the same R.M.S. value were passed through the 
two ammeters and the indications compared, the results 
being as given in Table 1. 


TABLE 1. 
1 g 8 
Form of current Approximate wave-form pasear. 
Direct current Correct 
Reversed direct Correct 
current.. 
Alternating current 1 per cent high 


Commutated alter- 


nating current.. 1 per cent high 
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From this table it will be seen that the reading is 
correct with the flat-topped alternating-current wave, 
but is 1 per cent high with the sinusoidal alternating- 
current wave, which bears out the view that it is the 
excursion of the latter into regions of higher permeability 
which accounts for the results obtained. That it is 
due to the wave-form and not to reversal, is shown by 
the high readings obtained when the iron is magnetized 
by commutated alternating current. 

These various considerations indicated the disadvan- 
tages of too low a flux density, but it was obvious 
that there must also be an upper limit, since the 
BJH curve (Fig. 8) flattens out again at higher values 
of B and it is essential that the density should not be 
so high that a peaky wave of current would carry it 
over the knee of the B/H curve. To elucidate this 
question a series of measurements was made with a 
stalloy disc. By means of search coils, the total flux 
passing through the centre of the winding was 
measured, and also that passing through the iron itself. 
The results are given in Table 2. 


TABLE 2. 
Total ae Total "Uca (RM. S vau) SLi rice to 
value) through value) through in centre se GI toril ur 
centre of coil moving iron moving-iron Oiso moving i mun 
lines lines gauss per cent 
65 50 620 71 
‘105 81 1 000 71 
143 110 1 360 71 
177 136 1 690 71 
213 164 2 030 77 
250 192 2 380 71 
308 233 2 890 77 
355 273 3 410 V7 
670 615 6 370 T1 
1119 820 10 200 74 


It will be seen that the proportion of the total flux 
which passes through the moving iron (col. 4) is con- 
stant up to an R.M.S. flux density of 6 000 gauss (peak 
value 8 500 gauss) and only suffers a reduction of some 
4 per cent at a flux density of 10 000 gauss (peak value 
14000 gauss). It has already been pointed out that 
the iron represents a negligibly small part of the total 
magnetic reluctance, and hence it follows that so long 
as the peak value of the wave does not greatly exceed 
8 000 gauss, the saturation effect, and with it any wave- 
form error, will be inappreciable. 

Taking these facts into consideration, it appeared that 
a flux density of 2000 gauss (R.M.S.) would represent 
a satisfactory figure. A wave having a peak factor of 
4 would then touch the 8000 gauss point, but even 
should the peak value reach 10000 gauss this could 
only introduce an error representing a small fraction 
of the 4 per cent since, the R.M.S. value of the flux 
wave being still 2 000 gauss, the proportion of it which 
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reached any such peak value must of necessity be very 
small. 

It should be observed that this effect, whilst the 
exact converse of that previously alluded to, is likely 
to be less important, since then it was the major portion 
of the wave which was in the region of reduced perme- 
ability due to low flux density, whereas now it is merely 
the peak of the wave which is in the region of reduced 
permeability due to high flux density. 


HYSTERESIS AND ALTERNATING CURRENT. 


In an alternating-current instrument hysteresis will 
cause a lag of the flux in the iron behind the magnetizing 
force producing it, and, since the torque at any instant 
depends upon the product of the instantaneous value 
of the magnetizing force and the instantaneous value of 
the flux in the iron, it follows that the torque is pro- 
portional to BH cos 8, where H is the R.M.S. magne- 
tizing force, B the R.M.S. flux density in the iron, and 
0 the angle of lag between the magnetizing force and 
the flux. 

A direct measurement of this angle was made in the 
case of the same coil and moving iron of stalloy to 
which Table 1 refers. It was found to have the values 
given in Table 3. 


TABLE 3. 
1 2 3 
Flux density Angle of lag of flux 
Magnetizing force (R.M.S. value) in iron behind 
in centre of iron disc magnetizing force 
(KH) (B) (8) 
ampere-turns gauss minutes 
56 020 44 
84 ] 000 37 
112 1 360 35 
140 1 690 34 
169 2 030 33 
196 2 380 31 
231 2 890 29 
280 3 410 27 
540 6 370 24 
920 10 200 21 


Taking as an example a flux density corresponding 
to full-scale value (B = 2030), the angle of lag was 
33 minutes, so that the decrease in the reading, due to 
alternating-current hysteresis, would be (1 — cos 0)100 
= 0-005 per cent, that is a perfectly negligible amount. 

That hysteresis should not cause the reading to be 
appreciably smaller with alternating current than with 
direct current appeared to be so much at variance 
with the generally accepted view, that it was thought 
desirable to check this measured angle of 33 minutes 
against the angle calculated from the known charac- 
teristics of the iron. It has already been pointed out 
that the change in self-inductance which results when 
the moving iron travels from its zero position to its 
full-scale position is a measure of the torque of the 
meter. Similar reasoning led to the conclusion that 
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the angle of lag of the flux behind the magnetizing 
force might be determined from a knowledge of the 
energy lost through hysteresis, relative to that stored 
in the magnetic field. 

In an ironless electro-dynamic meter free from eddy- 
current error, the whole of the energy stored in the 
magnetic field is returned without loss, and the flux 
induced by the fixed coil will pass through the moving 
coil without change of phase. With a moving-iron 
instrument, on the other hand, the flux induced by the 
fixed coil, in passing through the moving iron, experiences 
a lag 0, due to hysteresis, such that 
Lost energy in the iron 


ta = re — 
id Stored energy due to the iron 


The constants of the meter under considerauon, with 
the moving iron in the position corresponding to full- 
scale deflection, were as follows :— 


Increase of self-inductance due to 


the presence of the iron .. 0:0206 henry 
R.M.S. flux density at centre of 

iron disc .. T .. 2 120 gauss 
Hysteresis loss per gramme per 

cycle, at 50 cycles per second 

and at a mean flux density cor- 

responding to the above central 

flux density í ‘ .. 8:7 ergs 
Weight of the moving iron 0-6 gramme 
Current passing through winding.. 0-05 amp, 


(0-005 C.G.S. unit) 


Thus the energy lost in the moving iron, per cycle, 
was 8:7 x 0-6 = 5:2 ergs, and the energy stored, per 
cycle, was (0-005)? x 0:0206 x 10? = 515 ergs, so that 
tan = 5-2/515 = 0-01, or 0 = 36 minutes, which 
calculated result agrees reasonably well with the 
measured value of 33 minutes for approximately the 
same flux density (see Table 3). 

The stored energy varies as the square of the current, 
and the iron loss, according to recent investigations, as 
BV7, so that, B being approximately proportional to 
the current, we have 

tanĝ = Lost energy = pees — kB-08 
Stored energy B* 
which relationship explains the decrease of 0 with 
increasing flux density (see Table 3). If tan 0, deduced 
from col. 3, is plotted against B from col. 2 to 
logarithmic co-ordinates, the relationship is found to 
agree very closely with the law 


tan 0 = kB-93 


showing that the conclusions arrived at in the preceding 
paragraphs, as to the effect of hysteresis, are justified. 


EFFECT OF EDDY CURRENTS. 


Having eliminated hysteresis as a source of appre- 
ciable error, the reason for the undoubted fact that 
certain moving-iron ammeters do read considerably 
lower on alternating current than on direct current 
had to be sought elsewhere. This was ultimately found 
to be due almost entirely to eddy currents—a source of 
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error which does not appear to have been sufficiently 
appreciated in the past, quite undue prominence having 
been given to hysteresis. 

To investigate this question, the circuit shown in 
Fig. 9 was arranged, C being the meter coil and M an 
adiustable mutual inductance. The secondary of this 
mutual inductance was connected in series with a 
search coil, S, wound on the moving iron of the meter, 
and an alternating current at 700 cycles per second 
was applied between the terminals A and B. The 
e.m.f. generated in the search coil S was balanced in 
the telephone (T) by an equal and opposite e.m.f. 
generated in the secondary of the mutual induct- 
ance M. Owing toa small phase displacement due to 
hysteresis, complete balance in the telephone detector 
was impossible until this phase displacement had been 
balanced by introducing an e.m.f. in quadrature with 
that due to the secondary of the mutual inductance, 
which was accomplished by taking a tapping off the 


Fic. 9.—Investigation of eddy-current error in 
moving-iron ammeter. 


slide wire W. This wire being non-inductive, the 
voltage tapped off it was in phase with the current 
flowing in it and in the primary of the mutual induc- 
tance M, so that the voltage was in exact quadrature 
with that generated in the secondary of the mutual 
inductance. 

So long as there was no mctal in the vicinity of C, 
the phase displacement, as measured by the ratio of 
the quadrature voltage to the voltage given by the 
secondary of M, was found to agree with the value 
previously obtained (see Table 3); but if any metal 
was brought near it, a marked unbalancing of the 
secondarv circuit was observed, and, to restore balance, 
the quadrature voltage had to be increased and M, 
at the same time, slightly re-adjusted. For example, a 
small copper plate only 1 mm thick and placed 10 mm 
from the moving iron and normal to the flux, gave an 
increased phase displacement equivalent to an error of 
l per cent in the reading, and if brought up to 1 mm 
the error increased to as much as 14 per cent. These 
tests were made at 700 cycles per second. At 50 cycles 
per second the error in the latter case amounted to 
14 per cent. These comparatively large errors are 
undoubtedly due to the fact that the flux in the 
moving iron emerges from it at a high density, forming 
a sort of jet of flux, a form which is best calcu- 
lated to generate eddy currents. As bearing out this 


contention, a moving-iron ammeter in which the fixed 
iron was mounted in a recess in a thin sheet of brass 
showed an error of 3 per cent at 650 cycles per second. 
Upon altering the method of mounting the fixed iron 
by removing the brass mount, the error was reduced to 
less than } per cent. 

As a result of these investigations, it may safely be 
said that where alternating-current measurements are 
concerned it is the elimination of eddy currents rather 
than of hysteresis that the designer must strive for. 


HYSTERESIS AND DIRECT CURRENT. 


In instruments intended for use on direct current, 
hysteresis is wcll known to be objectionable, in two 
ways. Firstly, it causes the instrument to read low 
with increasing current and vice versa (hysteresis error), 


Fic. 10.—50-cycle testing current. 


and secondly, it causes it to read low when the iron 
moves upwards from a position low down on the scale, 
and vice versa (position error). 

To minimize both forms of error, it is desirable to 
keep the flux density in the iron low, but, for the 
reasons already given, this is detrimental if the meter 
is to be used for alternating current also, so that a 
compromise is necessary. 

In any case the selection and heat treatment of the 
iron require the utmost care. Considerable advances 
have been made in both these directions of late years, 
and it is now possible to construct moving-iron instru- 
ments which, for all practical purposes, exhibit no 
hysteresis error whatever, even with direct current. 


A PRECISION MoviNG-IRON VOLTMETER AND AMMETER. 


It may be of interest to set out in detail the observed 
characteristics of meters constructed upon the principles 
enunciated, and, to this end, two typical examples 
have been selected, namely, a 150 V voltmeter and a 
10 A ammeter (see Table 4). 

In Table 4 an error described as “ nil" is one which 
was too small to read on the scale and may be taken 
as being well under 0-1 per cent. 

The resistance temperature-coefficient of the volt- 
meter is seen to be 0-03 per cent per degree C., which 
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is less than the average temperature coefficient of the 
control springs (about 0-04 per cent per degree C.). 
Since an increase of temperature causes an increase of 
coil resistance and a decrease of spring strength, the 
net result is an increase in the deflection of 0-01 per 
cent per degree C. rise of temperature. Under working 


TABLE 4. 


Characteristics of a '' Precision" Moving-lron Ammelter 
(0-10 Amps., Scale Shape as Fig. 5). 


Power consumption .. 0-5 watt 
Self-inductance of coil .. 1-5microhenrys 
On direct current—reversal error .. Nil 
On direct current—position error .. Nil 
Difference of reading between direct 
and 500 cycles alternating current.. Nil 
Difference of reading between 50-cycle 
(sine wave) alternating current 
and :— 
Flat-topped alternating current 50 
cycles (commutated direct cur- 
rent) or alternating current of 
wave-form in Fig. 11 at 500 cycles 
or alternating current of wave- 
form in Fig. 10 (peak factor 4-3) 
at 50 cycles sá . Nil 
On alternating cürrent-—eddy-current 
error at 500 cycles (sine wave) .. Nil 
On alternating current—eddy-current 


error at 700 cycles (sine wave) 0-1 per cent 


Characteristics of a '' Precision" Moving-Iron Voltmeter 
(0-150 Volts). 


Power consumption of voltmeter 7°5 watts 
Self-inductance of coil with moving 
iron in zero position 0-06 henry 


Resistance temperature coefficient of 
voltmeter, per degree C. 


.. 0-03 per cent 
Self-heating error, after two hours at 


full scale s .. 0-1 per cent 
On direct current--reversal error .. Nil 
On direct current—position error .. Nil 


Difference of reading between direct 
current and iR current at 
100 cycles... Nil 
Difference of reading "betwoen alters 
nating current at 50 cycles and 500 


cycles .. sà si 0:3 per cent 
On alternating EE ewauk: form 
error for a peak factor of 4:3 (Fig.10) 0-1 per cent 


On alternating current—eddy-current 
error at 500 cycles (Fig. 11) .. Nil 
On alternating current—eddy-current 


error at 700 cycles (sine wave) 0-1 per cent 


conditions, however, the temperature of the coil is 
usually greater than that of the spring, and the net 
heating error was found to be 0-1 per cent after two 
hours at full voltage. It will be seen that the maximum 
error due to any of the causes enumerated in the table 
does not exceed 0:1 per cent, in the case of the volt- 
meter at power írequencies, and in the case of the 
ammeter at any frequency up to 700 cycles per second, 
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a result which the authors believe to be unique for a 
moving-iron instrument, and superior to that attainable 
with an electro-dynamic voltmeter or ammeter of 
equivalent range and power consumption. A further 
advantage possessed by this moving-iron instrument 
lies in the scale shape which, as will be seen from 
Fig. 5, is exceptional open at the beginning and 
exhibits a desirable closing up towards the upper end. 


Fic. 11.—500-cycle testing current. 


It is readable from 5 per cent upwards and is reasonably 
evenly divided from 10 per cent upwards. 


MULTI-RANGE AMMETER. 


There is no difficulty in producing for any moderate 
current a single-range ammeter having this degree of 
precision, so long as care is taken to avoid eddy currents 
in the mass of the conductors. The design of a multi- 
range ammeter presents a number of difficulties. Now 
that truly ‘“precision’’ current transformers are 
available (see page 576), the most satisfactory arrange- 
ment, so far as alternating-current measurements are 
concerned, is to use a multi-range current transformer, 
but this is, of course, useless 1f direct-current measure- 
ments are to be made in addition. A limited change 
of range can be effected by winding the coil in sections, 
which are connected in series or in parallel, as required, 
but the practical limit of range is, at present, 1 to 2 or 
] to 4. 

The self-inductance of the ammeter considered is, how- 
ever, so small as to enable the range to be increased by 
means of shunts, and this without impairing the accuracy 
for either direct or alternating current. Measurements 
of the self-inductance of a number of standard straight 
shunts gave the following figures (Table 5) for the 
phase displacement between the current flowing in the 
shunt and the voltage at its terminals, which was 
0-185 volt at rated current. 


TABLE 5. 


Phase angle between current and 


Rated current of shunt voltage at 60 cycles per second 


amps. 
150 0-4? 
300 0-8? 
600 1-6? 
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It was found that by connecting a moderate resistance 
in series with a 10-ampere moving-iron ammeter coil, 
the phase displacement was 1-5° so that, if shunted 
by the above-mentioned 600-ampere shunt, the error 
would be immeasurably small. The error becomes 
measurable as the rated current of the shunt is 
decreased, but in the extreme case of a 10-ampere 
shunt it amounts to only 0:05 per cent. The general 
characteristics of the 10-ampere ammeter, with and 
without a shunt, are as given in Table 6. 
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and those of the shunt, in that even if a new 
and well-fitting plug introduced very. little resistance, 
should it become loose or dirty the increase in resist- 
ance might be considerable. An investigation of this 
point showed, however, that the difference between 
various plugs is small, even if both plug and socket 
are ill-cleaned. The results are given in Table 7 for a 
shunt having a drop of 0-185 volt, and from this it 
will be seen that, unless the plug is deliberately inserted 
loosely in the shunt socket, the variation as between 


TABLE 6. 


Characteristics of “ Precision " 10-Ampere Moving-Iron. Ammeter, for use with Shunts. 


Voltage-drop at full-scale value 

Self-inductance of ammeter, unshunted 

Resistance temperature-coefficient, per degree C. 
Self-heating error, after two hours at full-scale value 
On direct current : reversal and position of errors .. 


Difference of reading between direct current and alternating current 


at 50 cycles 


With 10 A shunt 
(Full-scale value 


With 590 A shunt 


Unshunted (Full- (Full-scale value 
600 À) 


scale value 10 A) 


Difference of reading between direct current and alternating g current 


at 200 cycles 


Satisfactory as were these results, there still remained 
to be considered a possible source of inaccuracy in the 
contact resistance between the terminals of the meter 


TABLE 7. 
Voltage-Drop between Plug and Socket. 


Deviation of 
: voltage-drop from 
mean value, 
State of plug and socket 


expressed as a 
percentage of the 
voltage-drop 
over the shunt 
per cent 
Old plug P, in old shunt block B4, both 
untouched but reasonably clean T + 0°15 
Old plug Pe in old shunt block B,, both 
untouched but reasonably clean i + 09:11 
Old plug Pz in old shunt block B,, but 
plug very loosely inserted sg + 0°43 
Old plug P3 in old shunt block By, both 
untouched but reasonably clean Sa + 0-11 
Old plug Pg in new shunt block Be, both 
as taken from store after lying some 
months — 0:22 


New plug P, in new CO block B. both 

as taken Arom store after lying some 

months .. ar 0 
New plug P, in new shunt block Bs, dir 


cleaning with emery — 0:11 
New plug P, in new shunt block Ba, after 
cleaning with emery — 0:05 


20 A) 
0-185 0-185 0-185 
1-5 uH — ms 
Nil 0-05 per cent | 0-09 per cent 
0:1 per cent | 0-3 percent | 0-6 per cent 
Nil Nil Nil 
Nil 0-05 per cent Nil 
Nil 0-6 per cent Nil 


one Socket and another is in no case greater than 
+ 0-22 per cent. Moreover, taking the last three sets 
of observations to represent a number of reasonablv 
clean plugs and sockets picked at random, the maximum 
variation from the mean is only 0-05 per cent. It 
seems clear, therefore, that if an ammeter is adjusted 
with its own plug and this is kept reasonably clean the 
error due to contact resistance will be quite negligible. 

It is not satisfactory to shunt an electro-dynamic 
ammeter, since its self-inductance is too high, and 
series-parallel connection is usually resorted to, but 
this changes the time-constant of the fixed coils and it 
is not possible in practice to change the time-constant 
of the moving coil to a corresponding extent, so that 
the ratio varies according to the range, thus causing 
the readings with alternating current to differ from 
those with direct current. 

The authors feel that the results cited afford ample 
justification for having directed their attention to the 
design of a “ Precision " ammeter or voltmeter of the 
moving-iron rather than of the electro-dynamic type. 
Possibly the reason for the past neglect of the former 
in favour of the latter is that the electro-dynamic 
principle lends itself so readily to theoretical and 
mathematical treatment, and has advantages which, 
however difficult to realize in practice, are sufficiently 
convincing when discussed in the abstract. 


MEASUREMENT OF RECTIFIED CURRENT. 


Rectified alternating current is now used for many 
purposes, so that its measurement is a matter of some 
importance. It must not be assumed that a rectified 
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current, because unidirectional, can be treated in all 
respects as a direct current. In Fig. 12 a rectified 
sine wave is shown at A, and the same wave resolved 
into its direct- and alternating-current components at 
B. It is clear that a permanent-magnet moving-coil 
ammeter will measure the direct-current component 
and will ignore the alternating-current component; 
that is, it will measure the mean value of the wave. An 
induction-type ammeter, on the contrary, will measure 
the alternating-current component and will largely 
ignore the direct-current component, whilst an electro- 


dynamic or moving-iron ammeter will measure the 


R.M.S. value of the whole wave. 

Strictly speaking, therefore, it depends upon the 
nature of the load, which form of ammeter should be 
selected. Two simple cases are the charging of an 
accumulator and the operation of an incandescent 
lamp. In the former, chemical action is directly pro- 
portional to the current flowing, so that the use of a 
moving-coil ammeter is indicated, whereas the heat and 
light developed depend upon the square or a higher 
power of the current, and in this case a moving-iron 


(A) 


(B) 


Fic. 12.—Rectified alternating-current sine wave, resolved 
into its d.c. and a.c. components. 


ammeter might be expected to give more consistent 
results. 

An arc lamp and a direct-current shunt-wound motor 
are two further cases in which the power is proportional 
to the current rather than to the square of the current, 
so that a moving-coil ammeter should be selected. 

If a moving-iron and a moving-coil ammeter are 
connected in series on a rectified-current circuit they 
will read differently, the difference being greater the 
more pronounced the alternating-current ripple. In 
fact, the ratio of their readings will be equal to the 
form factor of the wave, i.e. to R.M.S. value/mean value. 
The form factor of a sine wave being 1:11, the 
reading of a moving-iron ammeter would be 11 per 
cent greater than that of a moving-coil ammeter, if 
a truly rectified sine wave of current (Fig. 12) were 
passed through them in series. With a square-topped 
wave the two ammeters would read alike. Ordinarily 
the form factor of the rectified wave is very much less 
than that of a sine wave, and the ammeter readings 
will not show a difference of more than from 3 per 
cent to 5 per cent. 

In Fig. 12 the negative half amplitude of the ripple 
is equal to the positive direct-current component. It 
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is far more likely that the amplitude of the ripple will 
be less than this (e.g. rectified three-phase), so that the 
rectified wave does not reach the zero line. In certain 
cases, on the contrary, the alternating-current com- 
ponent is so large that the rectified current is not truly 
unidirectional, as, for example, the secondary current of 
an induction coil. In either case the moving-coil 
ammeter will measure the average value—in the latter 
case the positive average only—whilst the moving-iron 
ammeter will measure the sum of the positive and 
negative R.M.S. values. 

All things considered, then, the moving-coil ammeter, 
owing to its intrinsic advantages, is to be preferred for 
the measurement of rectified current under normal 
conditions. 


ELECTROSTATIC VOLTMETERS.' 


The electrostatic voltmeter is no longer used for low- 
voltage measurements, except in the laboratory, and 
for voltages up to 7000 the moving-iron voltmeter 


Kilovolts (D.C) 
Micro-amperes 


l|: 
Gap in cm 
Fic. 13.—Breakdown and glow discharge voltages 
between blunt points. . 


operated through a voltage transformer is generally 
used. For higher voltages, owing to the cost and size 
of voltage transformers, the electrostatic voltmeter has 
many advantages. Cases also frequently arise in which - 
the current passed by the transformer-operated volt- 
meter puts it out of court (e.g. for some leakage indi- 
cators). Again, when portability is important the elec- 
trostatic voltmeter has much to recommend it. 

To give the same torque at full scale with various 
working voltages the spacing of the vanes of an 
electrostatic voltmeter will be appreciably proportional 
to the working voltage, and, since the breakdown voltage 
between conductors is approximately proportional to 
the spacing, this requirement might seem easy to meet. 
It is found, however, that when one of the conductors 
has sharp edges (as, for example, the moving vane of 
an electrostatic voltmeter) the glow discharge takes 
place at a voltage which represents a smaller proportion 
of the breakdown voltage the wider the spacing. This 
is well seen from the curves of Fig. 13, which represent 
the results of direct-current measurements made between 
comparatively blunt points. The corresponding R.M.S. 
values would be about 70 per cent of the direct-current 
values. It will be seen that up to 4000 volts direct 
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current (2800 R.M.S. alternating current), the glow 
and breakdown. voltages approximate to the same 
value, whereas for a spacing giving a breakdown 


voltage of 10 000 direct current (7000 R.M.S.), the | 


glow discharge starts at 5 000 volts (3500 R.M.S.). 
The current passed just before the occurrence of a 
spark-over is also plotted and will be seen to increase 
rapidly for voltages exceeding 5 000 volts direct current. 
The dotted line shows a proportional spacing between 
fixed and moving vanes which, at first sight, might be 
considered satisfactory since actual breakdown would 
not occur at any setting unless twice the rated voltage 
were applied, but for voltages exceeding 5 000 direct 
current (3500 R.M.S.), the glow voltage is less than 
the rated voltage of the voltmeter, which is inadmissible, 
since not only will the indications be erratic but ozone 
wil be liberated and may, in time, destroy the in- 
ternal parts. Moreover, the discharge, if once started, 
will persist even if the voltage is lowered considerably. 


USE or SERIES CONDENSERS. 


For these reasons, as well as on grounds of safety, 
it is usually preferable that electrostatic voltmeters for 
alternating voltages exceeding 5000 should be con- 


Fic. 14.—Extension of range of electrostatic voltmeter by 
: series condenser. 


nected in series with condensers, by which means the 
range can be extended as required. 

It is particularly important in the case of voltmeters 
used in series with condensers that the voltage at which 
a glow discharge starts should not be exceeded or the 
capacity of the meter will be variable and with it the 
division of the total voltage between the meter and its 
series condenser. On this account, and in view of the 
disparity between glow and breakdown values, it is 
advisable that the voltage across the meter itself 
should not be more than, say, 3 000 volts at full deflec- 
tion. If this value is greatly exceeded either the air 
may be overstressed or the operating torque be deficient. 

Fig. 14 shows in diagrammatic form the arrangement 
of an electrostatic voltmeter and its series condenser, 
assuming one pole to be earthed. It will be seen that 
if there is any leakage across the condenser from 
terminal A to terminal B this leakage will decrease 
the impedance of the condenser, and so make the 
voltmeter read high. An earthed guard ring at G will 
eliminate this source of error, but any leakage across 
the insulator C, either outside or inside the case, or 
from the terminal B to the guard ring, will cause the 
voltmeter to read low. This latter error can be mini- 
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mized by paying particular attention to the construction 
of the insulators and by making the capacity of the 
meter itself as high as possible, and the voltage across 
it is relatively low. 

There is considerable difference between the surface 
leakage characteristics of various materials, three 
typical examples being given in Table 8. 


TABLE 8. 


Surface-leakage 


Form of insulator current at 


10 000 volts 
(d.c.) 
pA 
Porcelain as taken from store T en 0-75 
Porcelain as taken from store, but after 
wiping with dry cloth .. TT 0-17 


6 in. length of 1} in. bakelite (varnish- 
paper) tube, after wiping with dry cloth 0-55 
6 in. length of 1} in. micanite tube, after 


wiping with dry cloth 0-017 


From these figures micanite would appear to be the 
most suitable material for the construction of such 
insulators, since surface leakage is of fundamental 
importance. Its superiority is presumably due partly 
to the fact that the surface is more ''broken " and 
partly to the shellac, a material which, ever since the 
days of the electrophorus, has been highly esteemed for 
the purpose. 

In all these cases the leakage through the body of 
the insulator was found to be immeasurably small, but 
this is not always the case. Out of a number of porce- 
lain insulators, all of which had successfully withstood 
a 20 000-volt flash test, several were found to pass as 
much as 650 micro-amperes at 10 000 volts direct 
current, owing presumably to internal flaws which 
were invisible on the surface. If properly designed, 
series condensers are quite satisfactory for voltages 
up to, say, 30 kV, so long as one terminal of the volt- 
meter can‘be earthed. The upper limit of voltage is 
dictated by the fact that the higher the voltage the 
smaller must be the’ capacity of the series condenser 
(assuming the capacity of the voltmeter itself to be 
fixed) and consequently the greater will be the dis- 
turbing effect of leakage. The stipulation that one 
pole is to be earthed arises from the varying effect of 
the capacity between vanes and case, if of metal, or 
between vanes and earth or other conductor, if the 
case is of insulating material. 

For laboratory voltmeters, where a number of series 
condensers of ample capacity can be used and where 
the conditions are well under control, such voltmeters 
have been satisfactorily used up to 250 kilovolts above 
earth or 500 kilovolts in all, but extreme care is then 
necessary in the following respects: (1) Guard plates 
must be used so as to ensure the even distribution of 
the voltage over the series condensers; (2) the leakage 
current must be negligibly small compared with the 
capacity current ; (3) dielectric losses in the condensers 
must be negligibly small, and (4) there must be no 
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glow discharge from any of the surfaces of the con- 
densers or voltmeter. 


DIRECT-CONNECTED AIR-INSULATED ELECTROSTATIC 
VOLTMETER. 


Owing to the use of air as the insulating material, 
this form of voltmeter is entirely free from errors due 
to frequency, wave-form, temperature, earthing or 
otherwise of either terminal, and so forth, and is avail- 
able up to 500 kV or more. 

Air or some other gas is the only form of insulation 
which is not subject to changes of permittivity with 
time, temperature or frequency. For laboratory use 
electrostatic voltmeters have been constructed in 
which air (or, still better, nitrogen) is used at a pressure 
of about 150 lb. per sq. in., under which conditions it 
has a breakdown voltage of some 200 kV per cm. In 
such meters the control is usually electro-dynamic so 
that the whole moving system can be enclosed in the 
high-pressure chamber, the electrostatic element being 
brought back to zero by varying the current through 
the electro-dynamic portion. 


MEASUREMENT OF HIGH-VOLTAGE PEAK VALUES. 


It is often necessary to determine the peak value of 
a voltage as well as its R.M.S. value. The simplest 
method of so doing is by means of the neon tube. It 
is well known * that the neon tube, if exhausted to the 
point of minimum impedance, breaks down at a peak 
voltage which is remarkably constant and is largely 
independent of frequency, temperature, etc. 

Fig. 15 shows the application of this method to an 
Abraham or other extra-high-voltage, air-insulated, 


== E 


Fic. 15.—Measurement of high-voltage peak values with 
neon tube. 


electrostatic voltmeter. The voltmeter itself consti- 
tutes one of the condensers C4, and in series with this 
is an adjustable air condenser Ce, across which is con- 
nected a neon tube N. To measure the peak voltage 
between the terminal T and earth, the capacity of the 
condenser Cg is raised until the neon tube just breaks 
down, and if its “ striking voltage " Vy is known, then 


* A. Pam: Zeitschrift fiir Techn. Physik, vol. 4, Nos. 6 and 7; and L, E. 
Rvart: World Power, 1924, vol. 1, p. 288. 
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the required peak value V; of the main voltage is given 
by the equation :— 


Vp _ Cot 
Vy Qy 
Ce 
so that Vp = es -+ 1) 
1 


In practice, the adjustable condenser is scaled direct 
in peak volts. The current passed by the condenser C, 
is necessarily small so that, unless in the dark, it is 
often difhcult to detect by eye the striking of the neon 
tube, but a detector in the form of a telephone can be 
connected in series with it, as shown at D. This may 
be a headphone, or the discharge current may be 
amplified sufficiently to operate a loud-speaker or other 
signal. 


PROTECTION OF ELECTROSTATIC VOLTMETERS AGAINST 
DAMAGE THROUGH SURGES. 


Electrostatic voltmeters are liable to damage through 
over-voltages due to surges and, for the reasons given 
on page 578 when dealing with voltage transformers, a 
fuse alone is unreliable as a means of protection. Con- 
sequently, such meters should be protected by means of 
a resistance connected in series with each pole. The 
capacity current taken by the voltmeter at power 
frequencies is so small—being of the order of 30 micro- 
amperes for all ranges at 50 cycles—that a resistance 
of several megohms will not appreciably affect. the 
reading, so long as the instrument is correctly designed 
and the spacing of the vanes is sufficient to prevent any 
glow discharge from taking place at the working voltage. 
If such a glow discharge occurs, the current rises to a 
value many times greater than the capacity current, 
and appreciable errors may be introduced owing to 
the drop of voltage over the series resistance. Such 
protective resistances usually take the form of rods of 
carbon having an admixture of some substance which 
increases their specific resistance. It is important that 
the protective resistance should not be such that its 
resistance decreases greatly with high voltages or rising 
temperature, as is sometimes the case. 


THERMO-EXPANSION INSTRUMENTS FOR 
CURRENT MEASUREMENTS AT RADIO 
FREQUENCIES. 


It is usually assumed that thermal meters, whether 
of the thermo-expansion (hot-wire) or thermo-coupie 
type, are equally accurate with direct current or alter- 
nating current and at any frequency, but such a 
statement cannot be accepted without considerable 
qualification where radio-frequency currents are con- 
cerned. 

So long as a single wire or heater is employed, the 
error is limited to that introduced by the increase of 
resistance due to the Kelvin skin effect, and for 
small conductors this is usually inappreciable. For 
example, a single wire suitable for carrying 3 amperes 
at full scale can be used up to a frequency of 
5 000 000 cycles per second without the error due to 
this cause exceeding 1 per cent. For currents greater 
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than 5 amperes the hot wire becomes so Jarge as to 
introduce thermal sluggishness and it is usual to employ 
two wires in parallel, only one being coupled to the 
pointer. 

It is essential in this design that the current should 
divide in the same proportion between the two wires at 
all frequencies. To this end, the wires should be 
placed close together and, in any case, must occupy 
symmetrical positions relatively to the conductors 
leading the current to and from them, a condition by 
no means easy to fulfil. 

When it becomes necessary to measure currents 
greater than can be carried by two reasonably small 
wires, it has been customary to arrange a number of 
such wires or strips round the circumference of a 
cylinder—the so-called squirrel-cage arrangement—only 
one of them being coupled to the pointer. So long as 
the conductors leading the current into and out of 
these wires are exactly coaxial with them, the current 
distribution will be uniform at radio frequencies, and 
if the ohmic resistances of all the wires are identical 
the indications will be independent of frequency. These 
two conditions are, however, extremely difficult to 
fulfil since a loop will almost inevitably be formed—if 
not inside the meter, at any rate by the external con- 
ductors. The wires nearest the centre of such a loop 
will then be found to carry more current than those 
further from it, so that not only is inaccuracy introduced 
but some of the conductors mav be seriously overheated. 

A method of securing the necessary even distribution 
of current at radio frequencies, but one which has not, 
so far as the authors are aware, been employed, is to 
arrange the leading-in conductors concentrically, the 
inner one passing down the axis of the squirrel cage. 
Even then, the difficulty of ensuring equalitv of ohmic 
resistance between the different wires still remains, 
not to mention the constructional complications of the 
squirrel-cage arrangement, the impossibility of avoiding 
sluggishness without the use of an abnormally large 
number of individual wires, and the large expenditure 
of power involved in the shunting of the active wire 
in this way. The heat so generated inside the meter 
case tends to warm up the movement, causing 
uncertainty of zero as well as convection currents of 
air, which make it sensitive to even slight changes of 
level. 

Allusion must be made to the so-called '' shuntless "' 
hot-wire ammeter in which a single active wire is 
divided up into three or five parallel sections, the 
current being led to and from it by means of flexible 
ligaments attached to the wire at the appropriate 
points. This arrangement has proved fairly successful 
for measurements at power frequencies, in that it 
allows of the use of a comparatively thin wire the whole 
of which is active, and thus minimizes the power con- 
sumption. When applied to radio-frequency measure- 
ments, however, the difficulty of making the several 
parallel paths sufficiently symmetrical is enormous. 

In general it may be said that where radio frequencies 
are concerned a current of 6 amperes is as high as it is 
possible to measure direct with any degree of accuracy. 
Above this, the use of a radio-frequency current trans- 
former is greatly to be preferred. These transformers 
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are now available for any current up to 1 000 amperes, 
or more, and give equally accurate readings on all 
ranges. Moreover, the power consumption is small 
and they can be fixed in positions in which it would 
be impossible to install an indicating instrument. The 
design of such transformers, which may be either self- 
contained or separate from the meter, is briefly dealt 
with on page 573. 


GRAPHIC METERS.* 


The importance of obtaining accurate and continuous 
records of electrical quantities is so great that the authors 
have thought it worth while to consider the design of 
graphic meters in some detail. The first difficulty 
which is encountered is to obtain sufficient torque to 
overcome the friction between pen point and paper. 
The disturbing torque due to this cause may be some 
hundred times as great as that due to the pivot friction 
in an indicating instrument. For this reason, particu- 
larly powerful electrical movements are essential, and 
the moving-coil type has been found the best for direct 
current, whilst for alternating current the ironclad 
electro-dynamic system is to be preferred owing to 
the fact that the deflection follows a definite law and 
consequently will repeat itself accurately, but satis- 
factory ammeters and voltmeters can also be constructed 
on the moving-iron principle. 

The chart width being limited, “ set up ” voltmeter 
scales are often called for, but this increases the diff- 
culties of the designer. If, for example, the suppressed 
portion represents 60 per cent of the maximum scale 
value, the effective chart width will be increased to 
100/40 times its actual width. If the frictional error is 
not to be increased the total torque corresponding to 
full deflection must be increased in the ratio of 100 to 
40, ie. 2] times. This can only be done by increasing 
the power consumption, doubtless high already, or by 
reducing the proportion of idle resistance to copper 
resistance, thereby increasing the temperature error 
and, with alternating current, the frequency error also. 
Clearly, therefore, it is inadvisable to specify ranges 
which involve much ''set up” of the spring. B.SS. 
No. 90 allows a maximum suppression of 66 per cent 
of the total, but with a 4 in. chart a suppression of 
50 per cent will, in most cases, prove ample. 


INKING ARRANGEMENTS. 


Considerable improvements have been made of late 
years in the inking arrangements, particularly in the 
direction of increasing the available quantity of ink 
without introducing errors due to the varying weight of 
the pen as the ink it contains is used up. 

In the ordinary pen type of graphic meter a change of 
weight of 0-05 gramme due to this cause is as much as can 
be allowed if the requirements of B.S.S. No. 90 are to be 
complied with. These requirements are that the difference 
in reading between pen full of ink and pen empty shall 


* A graphic meter is defined in the Glossary of the British Engineering 
Standards Association as follows :— 
"A meter for producing a graphic record of the quantity measured 
usually by means of ink on a paper chart." 
Owing to the confusion which has so often arisen between a '' recording watt- 
meter" and an “integrating wattmeter,” the proposed expression '' graphic 
wattmeter” seems preferable. 
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not exceed 3 per cent of the maximum scale value. 
But this amount of ink would be barely sufficient for 
a week’s record, even at a low paper speed, if the 
quantity measured is subject to many or to large 
variations. The earliest solution of the problem and 
one still much used consists in the fixing of an ink 
trough parallel to the chart and allowing a capillary 
pen, carried by the pen arm, to dip into it. 

It is, however, undoubtedly preferable to enclose the 
inking system so as to prevent evaporation and the 
access of dust. Moreover, if the pen arm is arranged 
to swing in a horizontal instead of a vertical plane, the 
weight of the ink will not influence the indications. 
This is accomplished in certain graphic meters by 
means of an ink receptacle, which may be of large 
capacity, fixed concentrically with the axis of the 
electrical movement, into which dips the end of a long 
and very light tube, terminating in a nozzle which 
serves as the '' pen " and traces a fine line on the chart 
as this passes under it in a horizontal plane. That 
portion of the tube which dips into the ink reservoir, 
being coaxial with the moving element, introduces no 
friction, as does the capillary pen moving along an ink 
trough. 


ELIMINATION OF PEN TO PAPER FRICTION. 


Pen friction may be eliminated in either of two 
ways: (1) By allowing the pen point to swing clear of 
the chart, on to which it is pressed at intervals so as to 
leave a record of its position; or (2) by causing the 
electrical movement to operate the pen indirectly, 
through some form of relay. The first of the above- 
mentioned alternatives, which gives an intermittent 
record, is represented by the “Thread Recorder," 
and has been considerably used for temperature measure- 
ments, but is unsuitable for dealing with rapidly varying 
quantities such as are met with in most electrical work. 
The second or “relay” arrangement has been con- 
siderably developed of late years and for a great many 
purposes probably represents the most satisfactory form 
of graphic meter. 


RELAY GRAPHIC METERS. 


Most relay graphic meters operate on one of two 
main principles: (1) The deflection of the sensitive 
electrical member is transmitted to the pen through 
some form of mechanical relay; or (2) the deflection 
closes a contact, the resulting current serving to control 
the pen. The Leeds graphic meter is a representative 
of the first group and has been largely used in the 
United States of America, particularly for the measure- 
ment of temperature and other slowly varying quan- 
tities ; but the majority of relay graphic meters belong 
to the second group. Of these, the Callendar was the 
earliest representative and has likewise been much 
used for measurements of slowly changing quantities, 
such as temperature, by potentiometer or bridge 
methods. 

The latest form of relay graphic instrument, and one 
which belongs also to the second group, is that due to 
Mr. E. I. Everett. Fundamentally, it is similar in 
principle to the Callendar type, but is available for the 


measurement of comparatively rapidly varying quanti- 
ties and is, moreover, a deflectional instrument instead 
of being applicable to zero methods only. 

The working principle will be clear from Fig. 16, 
which shows the arrangement in diagrammatic form. 
H represents the controlling electrical movement which 
carries a contact arm M. Should this arm deflect to 
the left, for example, it will make contact with K, 
and so cause a current to flow through the electro- 
magnet E;, which attracts the rod N, thus pressing the 
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Fic. 16.—Relay graphic meter. 


leather-rimmed wheel C into contact with the motor- 
driven disc Dj. 

The wheel C is thereby driven in a clockwise direction, 
as seen from above, and causes the screw F to rotate 
in such a sense as to carry the pen (L) towards the 
right. At the same time the toothed segment G is 
moved towards the right, thus tending to cause the 
contacts M and K, to part. This will actually occur 
when the coil H has reached its point of equilibrium, 
and at once the electromagnet E, ceases to keep C in 
contact with D,, so that the travel of the pen and of 
G stops until M once more makes contact with either 
Kı or Ko, as the case may be. The motor carries an 
adjustable centrifugal governor (A) and serves also to 
drive the chart by means of the vertical spindle and 
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worm B. The governed-motor principle is equally 
applicable to alternating-current or  direct-current 
systems, but for the former the Warren synchronous 
motor, described on page 569, is to be preferred. 

It will be noted that the movement used at H is of 
the ordinary deflectional type, so that the arrangement 
is applicable to power-factor meters, frequency meters, 
ohmmeters, etc., in which the control is electrical, 
equally with ammeters, wattmeters, etc., in which the 
control takes the form of a spring. Moreover, it can 
be made suitable for use with potentiometers, Wheat- 
stone bridges or other zero methods. When used for 
this purpose, the contacts K, and Kg are fixed, instead 
of being carried by the sector G, and the latter is 
replaced by a travelling contact actuated by the screw 
F and moving along the slide wire of a potentiometer 
or bridge, as the case may be. 

Amongst the advantages possessed by relay graphic 
meters, apart from their sensitivity, are the absence of 
frictional errors and that, there being no clock to be 
re-wound, they can be left unattended for a period 
which is limited only by the length of the chart. 
Moreover, the width of chart can be increased to any 
desired extent without loss of accuracy. Qn account 
of these characteristics relay graphic instruments have 
proved useful for many purposes to which the ordinary 
pattern is difficult to apply, and a few such may be 
mentioned. For the recording of various quantities in 
an electric train, such as voltage, current and speed, a 
relay graphic meter has been developed which is unaf- 
fected by the vibration of the vehicle and yet is rapidly 
responsive to changes in the quantities measured. The 
three charts are driven by a single timing motor so as 
to ensure synchronism, and an arrangement can be 
fited whereby the operator, by pressing an external 
key, can make a mark on one or all of the charts so as 
to record some particular event, such as the passing of 
a station, reaching a gradient, applying the brakes and 
so forth. The speed-recording portion of the equip- 
ment consists of a graphic voltmeter which records 
the voltage generated by a small magneto-generator 
driven from the vehicle axle, usually by a spiral wire 
belt. 

Relay graphic meters are also adapted to the con- 
struction of graphic power-factor and frequency meters, 
and, of course, to the recording of temperature, whether 
by means of thermo-couples or resistance thermometers, 
by the deflectional, bridge, or potentiometer methods, 
according to circumstances. 

They have also been successfully used for the auto- 
matic regulation of electric furnaces, for which purpose 
maximum and minimum contacts are placed on either 
side of the required point, so that if, for example, the 
temperature exceeds the prescribed value, the upper 
contact is made and an electromagnet or motor reduces 
the current flowing through the furnace until the 
temperature again falls below the correct value, when 
the other contact is made and the furnace current 
again increased. The furnace can even be taken 
through a prescribed cycle of temperatures by means of 
a cam driven by the timing motor, which moves the 
contacts to a point corresponding to the temperature 
desired at that particular instant, 


CLOCKS AND OTHER METHODS or DRIVING CHARTS. 


The driving of the paper chart is a matter of 
importance. Accurate time-keeping is not usually of 
great moment, but the clockwork mechanism must be 
capable of withstanding very great changes of load 
without the escapement either ' banking ” or pulling 
up. If the rate of travel of the chart is steady it is 
clear that the total amount of energy given out by the 
clock spring must be constant and, further, that the 
whole of this energy must be absorbed (a) in the gearing, 
(b) in driving the chart, and (c) in driving the escape- 
ment. Of these (a) is substantially constant so that 
the sum of (b) and (c) must likewise be constant. But 
as regards (c), the graphic meter clock is at a great 
disadvantage compared with an ordinary time-piece, 
since the latter has to deal with a comparatively steady 
load of small magnitude; whereas with the graphic 
meter clock the force required to drive the chart is 
considerable, being of the order of 100 to 200 grammes 
at the chart. Hence even a small change in the force 
required, caused perhaps by a slight lateral pressure of 
the chart in its guides, entails a relatively large reserve 
of power which must, normally, be absorbed by the 
escapement, 

The escapement must be capable of absorbing this 
varying amount of power without seriously changing 
its periodic time. In fact, to prevent ''banking" 
when no chart is being driven, it is essential that the 
escapement should be capable of dealing with the whole 
of the power given out by the spring, which must, as 
has been said, be considerably greater than that 
normally required to drive the chart. To this end, 
the escapement should be of large size and have a 
balance wheel of ample momentum. Such momentum 
is useful in another direction also, viz. to prevent the 
clock from pulling up should some temporary obstruc- 
tion, such as a piece of grit, be encountered. If an 
obstruction temporarily reduces the available driving 
torque, the momentum of the balance wheel ought to 
be sufficient to keep the escapement going until the 
faulty spot has been passed. 

It is usually stipulated that the chart shall be auto- 
matically wound up on a roller, after it has received 
the record, and this entails a further considerable 
expenditure of power, since, to allow for the gradually 
increasing diameter of the roll, as the chart winds on 
to it, some slip must be permitted. For this reason, if 
the paper speed exceeds 6 in. per minute it is preferable 
to allow it to pass straight out of the case in lieu of 
being rewound. 

For high speeds, ranging from 1 in. to 12 in. per 
minute, a centrifugal governor often replaces the 
balance wheel and the same limitations do not apply, 
since the governor can be made to absorb an almost 
unlimited amount of power, but, on the other hand, 
the time-keeping properties are much inferior to those 
of the lever escapement. 

In the case of relay graphic meters it is convenient, 
as has been pointed out already, to dispense with à 
clock and to employ the operating motor to drive the 
chart (see Fig. 16). A centrifugally operated contact 
cuts in and out of circuit a resistance shunting the 
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armature, and such an arrangement can, if adjusted 
occasionally, be relied upon to keep time within a few 
minutes per day. Very much more accurate timing is 
possible, however, on alternating-current systems having 
standardized frequency by the use of the Warren 
synchronous motor (see below). 


CHART SPEEDS. 


On the subject of chart speeds it may be pointed 
out that it is always well, not only for reasons of 
economy but for greater ease in filing and storage, to 
select the lowest speed which will give a clear record. 
Experience with the load to be recorded is the only 
guide as to the lowest satisfactory speed, but in a 
general way it may be said that for purposes of 
supervision 1 in. per hour is fast enough, and in 
many cases $ in. per hour will suffice. It is, however, 
essential that the paper speed should be such as to 
allow the chart to travel rather more than the width of 
a line of the record between each excursion of the pen, 
failing which the record will blot. A fine line may be 
0-01 in. thick and a broad one 0-02 in., or more. At 
l in. per hour these thicknesses represent 0-6 minute 
and 1-2 minutes respectively, so that if the pen is in good 
order and is tracing a fine line, excursions recurring 
every 2 minutes should be satisfactorily recorded, but 
if they recur every minute they will run together and 
the chart speed must be increased accordingly. In all 
cases of variable loads with sudden fluctuations, good 
damping is essential and may often, to advantage, be 
more than aperiodic. 


CURVED OR RECTILINEAR CO-ORDINATES. 


It is often urged as an advantage possessed by a 
record drawn to rectangular co-ordinates that it can be 
directly planimetered in order to determine, for 
example, the total output of a station. Actually, 
however, the error introduced by planimetering a chart 
having curved time lines is so small as to be negligible, 
and unless the principle of action of the graphic meter 
lends itself to the use of rectangular co-ordinates, it is 
inadvisable to introduce the complication of converting 
the circular motion of the electrical movement into a 
rectilinear motion at the pen, as has been done in the 
case of some Continental graphic meters, by the use of 
levers, slides, etc., somewhat on the lines of a steam- 
engine indicator. 


SYNCHRONOUS MOTOR FOR TIMING PURPOSES. 


The advantages of driving the charts of graphic 
meters by means of a synchronous motor have already 
been alluded to, but it is only recently that a sufficiently 
compact self-starting synchronous motor has become 
available. Such a motor, due to Mr. H. E. Warren, 
was described in its original form in 1919 * but, since 
then, has undergone considerable modification. 

lig. 17 shows the latest form in section. The 
laminated field magnet A carries a winding B and is 
provided with two short-circuited copper rings CC 


* H. E. Warren: “Utilizing the Time Characteristics of Alternating 
Current," Transacions of the American I.E.E.,1919, vol. 38, p. 629. 
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which produce a rotating field in the air-gap. A steel 
disc, shown at D, is caused to rotate in this air-gap 
under the influence of the rotating field, not owing to 
eddy currents generated in it but owing to hysteretic 
drag. The speed of the disc increases until synchronous 
speed is reached, when north and south poles are 
induced at definite points in the steel ring and the 
coercive force is so great that considerable mechanical 
force is required to pull it out of step. The disc is 
geared to the spindle E in such a way that, at the 
working frequency, this spindle revolves once per 
minute. 

Al the moving parts are enclosed in a dust-tight 
housing F, containing oil, in which the working parts 
are immersed. The construction is such that the 
entire motor, together with its housing, can be removed 
and replaced by a new one, should occasion arise, 
without disturbing any of the other parts. The 
overall dimensions of the complete meter are 2 in. 
x 24 in. x 2$ in. and the power consumption is 
normally about 3 watts at a power factor of about 0-4. 
The torque exerted at the spindle E, before the rotor 
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Fic. 17.—Warren synchronous motor. 


wil] drop out of synchronism, is well over 500 gramme-cm, 
which is about 1000 times as great as the normal 
torque of a powerful spring-driven 8-day graphic meter 
clock. 


STANDARDIZED FREQUENCY AND ITS ADVANTAGES. 


In order that the speed of the driving spindle may 
be precisely one revolution per minute, it is clearly 
essential that the frequency of the power supply should 
be correct. Momentary fluctuations are of no conse- 
quence, so long as the average frequency is maintained 
at a constant value. This is ensured by the simple 
expedient of installing at the power station an accurate 
clock combined with a synchronous motor in the same 
case. The hands of the two mechanisms may be 
mounted concentrically on the same dial, or the clock 
and motor may act differentially upon a single hand, 
which by its sense of rotation shows the difference in 
speed between clock and motor. 

In either case the attendant has only to note, 
occasionally, the position of the tell-tale hand, and if 
the motor is seen to be running in advance of the clock 
he slightly lowers the speed of the generator, or vice 
versa. It goes without saying, that the frequency can 
be much more accurately regulated by these means 
than by an indicating frequency meter. It is, in fact, 
found easy to keep the average frequency, measured 
in terms of time, correct to within 15 seconds per day, 
which would correspond to a precision better than 
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1/50th of 1 per cent in the case of an indicating frequency 
meter. 

It is much easier for the attendant to maintain a 
correct average frequency by glancing occasionally at 
the clock hands, than to maintain a level of frequency 
which is even approximately correct by watching an 
indicating frequency meter. The latter will inevitably 
show continous fluctuations of short duration, and any 
attempt to correct these will only result in still larger 
excursions on either side of the correct value. 

Apart from the convenience of driving timing mecha- 
nisms, the advantages of maintaining correct frequency 
are many, and are daily becoming more important. 
For the driving of many classes of machinery, notably 
in textile factories where the output depends upon the 
maintenance of a minimum speed, but one which cannot 
be greatly exceeded without impairing the product, 
everything depends upon the maintenance of a correct 
motor speed. In paper mills, again, the quality and 
texture of the product are intimately bound up with the 
speed of drive. If the system frequency is kept truly 
constant in the way indicated, the electrical drive gives 
an exactness of speed which cannot even be approached 
by any other known method. 

Again, when sections of a large system have on occa- 
sion to be run in parallel with one another, much time 
can be saved and shocks to the system avoided, if the 
frequency of all sections is standardized, so that they 
can be instantly thrown into parallel without a lengthy 
and often laborious preliminary adjustment of speed. 


USES. 

Given standardized frequency, innumerable uses for 
timing motors will suggest themselves. Amongst 
measuring instruments, graphic meters and maximum 
demand meters may be mentioned as examples, but a 
still larger field of usefulness is in connection with 
time switches, where the demands on the clock are 
severe and the question of winding and regulating is a 
serious one. These troubles entirely disappear if the 
time switches are driven by synchronous motors. In 
the United States of America, where the use of this 
system is rapidly extending, several central stations 
are encouraging their consumers to use synchronous 
motors for operating time recorders and multiple clock 
systems in factories and large institutions, and even 
for the more humble domestic clock. A consuming 
device with a load factor of 100 per cent, even at a 
power factor of 0:4, is not altogether to be despised. 


MEASURING SHORT INTERVALS OF TIME BY THE 
WARREN SYNCHRONOUS MOTOR. 


Warren synchronous motors have been applied with 
great success to the construction of time meters for 
the measurement of short intervals of time down to 
1/20th second, in connection with relays, circuit 
breakers, integrating meters, etc. A spindle is driven 
from the synchronous motor at a steady speed of one 
revolution per second; that is to say, on a 50-cycle 
system the rotor is geared down 50/1. A pointer, 
which is carried round by friction with this spindle, is 
normally held stationary by means of a clutch which 
can be released by a solenoid. 


The arrangement will be clearer from Fig. 18, which 
shows the application of such a time meter to the 
testing of a time-lag relay. M represents the Warren 
motor winding, and S the clutch-operating solenoid, 
RW the operating winding of the time-lag relay under 
test, which is connected to the source of supply through 
a regulating resistance R, the switch K and an 
ammeter A. The switch K is closed, and this sets the 
relay in operation and simultaneously allows the hands 
of the time meter to rotate. So soon as the relay con- 
tacts C close, the solenoid S is short-circuited and the 
timing hand stopped. The travel of this hand thus 
indicates accurately the interval which elapsed between 
the passing of a current through the relay winding and 
the closing of the relay contacts. 

The weight of the moving parts of the clutch is small 


Fic. 18.—Use of synchronous time meter in relay testing. 


and the pull of the operating solenoid relatively large, 
so that the operation is extremely rapid. Moreover, 
so long as the time lag on declutching is the same as 
that on clutching, these lags cancel out and introduce 
no error into the measurement of the interval. 

The time scale can be graduated either in cycles or 
in seconds, the correctness of the latter being limited 
only by the divergence of the system frequency from 
its nominal value. For the measurement of intervals 
exceeding 1 second, additional hands are provided, 
making l revolution in 20 seconds or more, according 
to the longest interval to be measured. 

As far as the authors are aware, this form of time 
meter is the only one which can be relied upon for the 
measurement of both short and long intervals of time, 
and as superseding both the step-by-step cycle-counter 
and the high-speed stop-watch. 


INSTRUMENT TRANSFORMERS. 


The importance of accurate and reliable voltage and 
current transformers is so great as to warrant the 
devotion of considerable attention to their design. 

The criterion of excellence in an instrument trans- 
former is that, over the working range, the ratio of 
primary current or voltage to secondary current or 
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voltage shall be as nearly constant as possible, and 
that the phase difference between primary and secondary 
current or voltage, as the case may be, shall be as small 
as possible. 

Voltage transformers differ but little from power 
transformers, and present few special difficulties to 
the designer. Current transformers, on the other hand, 
represent an entirely different problem and one which 
affords considerable scope for ingenuity. 


DESIGN OF CURRENT TRANSFORMERS. 


Fig. 19 gives a complete vector diagram for a current 
transformer, which is, however, well known and need 
only be briefly alluded to. It is assumed, for con- 
venience, that the number of primary and secondary 


Fic. 19.—Vector diagram of current transformer. 


turns are the same, that is that the transformation 
ratio is unity. To produce the flux Ọ in the iron core, 
a current J, must flow in the primary winding, which 
may conveniently be called the '' no-load current," to 
distinguish it from its two components, the true 
magnetizing current Z4, in phase with the flux, and the 
iron-loss component J; (consisting of hysteresis and 
eddy currents), in quadrature with the flux. In the 
diagram, all quantities are assumed to be expressed in 
ampere-turns, which is a more convenient unit for the 
purpose than amperes. 

The triangle formed by I, Im and I; is of special 
importance since it can be shown that if these three 
quantities represent the ampere-turns per cm length of 
iron path, the triangle is definitely fixed (for a given 
frequency and flux density) by the nature of the 
material. So long as there are no joints in the magnetic 
circuit, the triangle is independent of core dimensions, 
nature of the primary and secondary windings and so 
forth. Moreover, since the flux density is inversely 
proportional to the frequency, the triangle is but little 


affected by changes of frequency within ordinary power 
limits. 

The primary current J, has to supply the no-load 
current I, as well as the (reversed) secondary current 


I,. Consequently, not only is I, greater than I, but 
it is displaced from it by a leading angle 0. In Fig. 19 
the secondary current I, is shown as lagging behind 
the secondary terminal voltage V, by an angle $ which 
corresponds to an inductive secondary burden.* It 
will be noted that the greater d, that is the more 
nearly J, comes into line with I, the smaller will 0 
become. In fact, if the lag of the secondary current 


is so great that I, swings past I, then Ó becomes a 
lagging instead of a leading angle. This, however, 
seldom occurs in practice. 

It has been shown by Drysdale, Agnew and others 
that the difference between the turn ratio and the 
transformation ratio is (using the symbols of Fig. 19) 


Ig sind + I; cos o 
I, 


and the angular displacement between primary and 
secondary currents is given by 


Im cos $ + Isin ġ 


tan 0 = L 


MATERIAL FOR THE CORE. 


These formula indicate the importance of minimizing 
both the magnetizing current J, and the iron-loss 
current Jj if the ratio and phase angle are to be 
satisfactory. Although the design of the current 
transformer has some effect upon both these quantities, 
each depends, ultimately, upon the nature of the 
material used for the core, so that it is in this direction 
that the designer must turn. Fortunately, during the 
last few years several new and promising iron alloys 
have become available. Fig. 20 shows, for three dif- 
ferent materials, the relationship between the flux 
density expressed in gauss and the magnetizing current 
expressed in ampere-turns per centimetre length of 
iron path. 

The material under test (having a total weight of 
about 200 grammes) was made up in the form of ring 
stampings. The rings were evenly covered with two 
windings and a sinusoidal current at 50 cycles was sent 
through one of them, the e.m.f. induced in the other 
winding being measured in magnitude and phase by 
means of an alternating-current potentiometer. The 
vibration galvanometer used was of high selectivity so 
that the value of B thus obtained referred to the funda- 
mental sine component of the flux. The flux densities 
met with in current transformers are low and conse- 
quently any deviation from the sine form can be 
neglected, but with the high densities used in voltage 
transformers the errors introduced by thus assuming a 
sine wave of flux would be appreciable. 

* The term '' Burden” has been adopted in B.E.S.A. Specification No. 81 
as a substitute for such expressions as '' Output," “ Load," * Connected Load, 
and so forth, which have caused confusion in the past. It is defined as the 
load connected to the secondary terminals of an instrument transformer, 


expressed as its output in volt-amperes, at rated secondary current if a current 
transformer, or at rated secondary voltage if a voltage transformer. 
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Curve I refers to a brand of silicon-steel which is 
much used in this country for instrument transformers 
and is quite suitable for all voltage transformers and 
for the majority of current transformers, but the 
silicon-steel to which curve II refers shows a reduction 
of about 25 per cent in magnetizing current, so that a 
current transformer constructed with this material 
would have a phase displacement smaller by 25 per 
cent. Curve III refers to a nickel-iron alloy (Mumetal) 
in which the magnetizing current is so much lower that 
the phase displacement will be less than 18 per cent of 
that for the transformer having a core of material I. 

In determining the total magnetizing ampere-turns 
(Im in Fig. 19) the value taken from the curve must 
be multiplied by the length of the iron path, allowance 
being made for any joints in the core, which latter 


1 000 


B, in gauss (RMS) 


0 0-04 0-08 0-12 0-16 0-20 
Ampere-turns per cm length 


Fic. 20.—Alternating-current B/H curves of transformer 
iron. 


necessarily increase the magnetizing ampere-turns. It 
is difficult to predetermine to what extent this will be 
the case, but as a rough guide it may be assumed that 
a well-made interleaved joint (in which the overlap is, 
say, 500 times the thickness of the sheet) will introduce 
a reluctance equivalent to about 1:5 ampere-turns per 
1000 gauss flux density in the iron, and this amount 
must be added to the ampere-turns required for the 
iron itself. 

The iron loss is due to hysteresis and eddy currents. 
The latter can, to some extent, be regulated by the 
thickness of the sheets, and, as regards the former, it 
is fortunate that low magnetizing current is usually 
accompanied by low hysteresis loss. Hence, it follows 
that the iron-loss characteristics of the three materials 
are somewhat similar to the  magnetizing-current 
characteristics of Fig. 20, except that neither of the 
silicon steels I or II shows any great improvement over 
the other. The iron loss in watts per lb. at 50 cycles 
per second is given in Fig. 21, for 20-mil sheets, a very 
usual commercial thickness. The losses include both 
hysteresis and eddy currents, of which the former 
usually represents from 75 to 80 per cent of the whole. 

In Fig. 20, curves of magnetizing current are given 
for both annealed and un-annealed stampings of 
materials I and II, from which the great improvement 
brought about by proper annealing is clearly seen. 
Although it is possible to obtain satisfactorily annealed 
transformer iron in the sheet, it is invariably found 


that after stamping into rings both the magnetizing 
and iron-loss currents have very markedly increased— 
the former by perhaps 25 per cent—so that it is 
necessary to re-anneal the finished rings. 

It is usual to test current transformers with a non- 
inductive burden (B.S.S. No. 81, in fact, stipulates that 
this shall be done) so that it becomes of importance 
to study this special case. In the formule already 
cited, i.e. :— 


Ij sin d + I;cosó 


Departure from turn ratio — I 
8 


and tan 0 = 1n 905 $ + ising 
I, 
if ġ = 0, we have :— 
I, Ta 
Departure from turn ratio = T and tan ĝ = I. 
8 8 


Under these conditions a much simplified vector 


B, in gauss (R.M.S) 


Watts per pound 
Fic. 21.—Iron-loss curves of transformer iron. 


diagram becomes possible,* as shown in Fig. 22. J, 
is now in quadrature with (D, and since Im and J; are 
extremely small compared with J, (Ü being of the order 
of 1°) the truth of the Ij/1, and I,/1, relationships 1s 
evident from the diagram. 

It follows from these considerations that the magne- 
tizing ampere-turns and the iron-loss ampere-turns 
should be as small as possible, whilst the primary 
ampere-turns should be as large as possible. High 
primary ampere-turns have the double advantage of 
giving a low flux density, and with it low magnetizing 
and iron-loss current, as well as of reducing the pro- 
portion which these two quantities bear to the total 
ampere-turns. Unfortunately, if the frequency is low 
it is particularly difficult to keep down the flux density 


* The further assumption has to be made that the stray self-inductance i$ 
negligible, that is, that all the secondary magnetic flux cuts the primary also. 
Any secondary flux which fails to do so represents so much self-inductance 
added to the secondary burden. This condition of negligible secondary self- 
inductance is complied with in evenly wound ring transformers, which cover 
a great majority of cases in which precision is of importance (but see p. 515). 
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except by reducing the secondary burden, and high 
ampere-turns are essential. 


EFFECT OF FREQUENCY ON THE DESIGN. 


Experience shows that, so long as reasonable pre- 
cautions are taken to avoid eddy currents, the iron 
loss expressed in watts is approximately proportional 
to the frequency at a given flux density, so that the iron 
loss at this flux density, if expressed in ampere-turns 
(I), is almost independent of moderate changes of fre- 
quency. Hence it follows that if the total secondary 
burden of a current transformer is increased or 
decreased in the same proportion as the frequency 
rises or falls, the vector diagram will remain as before 
so that the characteristics of the transformer will be 
unchanged. It must be observed that it is the total 
burden which has to be so reduced, that is, the external 
secondary burden plus the volt-amperes expended in 


Js 


Fic. 22.—Vector diagram of current trans- 
former with non-inductive burden. 


the secondary winding itself. The internal voltage- 
drop is represented by I, x R, and I, x X,in Fig. 19. 
The former is almost independent of frequency and the 
latter is usually negligible in the case of a ring current 
transformer, so that the external secondary burden 
must be reduced to a somewhat greater extent than 
the frequency. 

B.S.S. No. 81 lays down that the rated burden of a 
50-cycle current transformer when used on 25 cycles 
would be 40 per cent of its value at 50 cycles. If it 
is necessary to increase the burden at 25 cycles, this 
can only be done by increasing the sectional area of 
the iron core. If the core area is doubled, and the 
frequency at the same time halved, B will be unchanged 
(for the same total volt-ampere output) and I; approxi- 
mately so. But the resistance of the secondary winding 
wil be greater than it was before, unless additional 
winding space is available, so that the volt-amperes 
available for the external burden are reduced and can 
only be increased by increasing the primary ampere- 
‘turns, 


CURRENT TRANSFORMERS FOR RADIO FREQUENCIES. 


It may be of interest to consider some of the problems 
involved in the design of iron-cored current trans- 
formers for radio frequencies, although they cannot be 
dealt with in any detail in the present paper. 

Owing to eddy currents, the depth to which the flux 
penetrates the iron laminations is extremely small,* 
rarely exceeding an effective depth of 4 mil, so that 
the permeance of the magnetic circuit depends rather 
on the number of laminations than on the total thick- 
ness of the iron, thus leading to the use of the thinnest 
possible stampings. For example, 14 lb. of 12-mil 
sheet is no more effective than 4 oz. of 2-mil sheet. 

In order to keep the iron loss at radio frequencies 
within reasonable limits, it is essential that the total 
flux should be small, although the effective flux density 
may be fairly high. Owing to the above-mentioned 
phenomenon the flux density tends to remain constant 
over a wide range of frequency, the flux penetrating 
more deeply into the iron at the lower frequencies. 
For a given core, the ratio variation tends to decrease 
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Fic. 232.— Ratio variation of current transformers at radio 
Írequencies. 


with increasing frequency. Fig. 23 shows, for a 
20-mil stalloy core wound for 30 ampere-turns, a set 
of typical curves connecting the variation of the trans- 
formation ratio from the turns ratio with frequency, 
for various burdens. Whilst 20 mils is a convenient 
thickness of stampings and one much used for power 
frequencies, a thickness of 5 mils is to be preferred for 
radio frequencies. It should be noted that, owing 
to the leakage inductance of the transformer, the 
secondary induced voltage increases with the frequency, 
such increase being relatively greater at low burdens, 
as evidenced by the ratio falling off less rapidly with 
increasing frequency than is the case at the heavier 
burdens (Fig. 23). It will be noticed that up to a 
burden of 2 VA the ratio variation is in all cases rela- 
tively small and is independent of any change of 
frequency likely to occur in practice. 

To ensure a uniformly low flux density, it is essential 
that the entire length of the iron circuit should be 
covered by the secondary winding and that the fields 
due to the primary and secondary windings should 
effectively coalesce. This is not difficult to secure in 
the case of those current transformers in which the 
primary consists of a large number of turns of relatively 
small wire, but for currents exceeding 10 amperes the 
number of primary turns is few and the leakage flux 
becomes so great that the iron overheats and the ratio 

* This has been pointed out by Dr. Howse : Electrician, 1925, vol. 94, p. 684, 
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error exceeds the permissible limits. This difficulty 
can be overcome by completely surrounding the iron 
core and the secondary winding by a single-turn primary, 
as shown in Fig. 24, which represents a 1 000-ampere 
current transformer as installed at the Rugby wireless 
transmitting station. The current enters at A, passes 
up the central tube B, which threads through the core 
C with its secondary winding D, and from thence 
returns by way of the outer shell E to the other 
terminal F. This arrangement ensures perfect linkage 
between primary and secondary. For currents exceed- 
ing 50 amperes at any frequency greater than 30 kilo- 
cycles, the difference between the turn ratio and the 
transformation ratio is less than 2 per cent, with an 
external secondary burden of 2 volt-amperes. In 
order to minimize the burden imposed upon the trans- 
former, the secondary leads should be as short as 


NS 
SS BS 
A 
Fic. 24.—1 000-ampere radio-frequency iron- 
cored current transformer. 


possible, particularly in the case of very high frequencies, 
and twin cores should be used, all loops being avoided. 


APPROXIMATE METHOD OF PHASE MEASUREMENT. 


It was pointed out that the triangle formed by 
I, Im and I, in Figs. 19 and 22 was completely deter- 
mined by the material and the working flux density. 
In practice, the value of the angle a, at rated current, 
is about 25°. It is of interest to note that as the flux 
density is increased the angle a increases, until a maxi- 
mum angle of about 45° is reached, after which it 
usually decreases again. Assuming an average angle of 
25°, we have Im = I, cos 25° = 0-9 Io. 

On the above assumption, a measurement of the 
no-load current forms a ready '' workshop ” method of 
determining the phase angle of a current transformer 
with a non-inductive burden, a quantity which is 
otherwise difficult to measure without special apparatus. 
The no-load current J, is best measured by means of 
a low reading ammeter connected in series with the 
primary whilst the secondary is open. The voltage 
at the terminals of the secondary during the measure- 
ment should be equal to that which the current trans- 
former is to give when connected to its burden. Thus 
at rated primary current :— 


Volts = }(Burden in Volt-Amperes) 


[t was shown that with a non-inductive burden 
tan § = I,/I, and therefore tan @ = 0:9IoJIp, where 


I, is the measured no-load current. Since 6 is a very 
small angle, we may write as an approximation 
6 = 501 JI, degrees, or 3 0001 JI, minutes. 

The following example of the application of this 
method may be of interest: The primary no-load 
current J, of a 60/5 current transformer with jointless 
core of silicon-steel (curve I, Figs. 20 and 21) was 
measured by a low-reading ammeter, the voltage at 
the secondary terminals being adjusted to the correct 
value and measured by an electrostatic voltmeter. In 
determining the value of the secondary terminal 
voltage, allowance must be made for that expended in 
the secondary itself, that is to say, the true burden will 
be the external burden plus the volt-amperes expended 
internally, which latter may be expected to be about 10 

Assuming an external secondary burden of 40 volt- 
amperes at rated current, the required secondary 
voltage then is (40+ 10)/5 = 10 volts. At this 
secondary voltage the measured no-load current flowing 


in the primary was 0-57 ampere. Consequently 
3 000 x 0-57 
0 = ^ 60 = 28-5 minutes 


The true value was found to be 29 minutes. 

The same current transformer tested at one-half 
rated current (i.e. secondary voltage 5) had a no-load 
current of 0:45 ampere. Consequently 


| 3000 x 0-45 


j 30 


= 45 minutes 


The true value was found to be 45:5 minutes. Thus 
the agreement in both cases is seen to be quite 
satisfactory. 


CHANGE OF RATIO WITH PRIMARY CURRENT. 


Unfortuhately it is not possible to determine the 
ratio variation. from a measurement of the no-load 
current, since the iron-loss ampere-turns, upon which 
the ratio depends, vary too much with the value of 
the angle a (Fig. 19). Fortunately, a rough measure- 
ment of ratio can be made by means of ammeters in 
the primary and secondary. The ratio will usually 
have been adjusted to be correct at some predetermined 
primary current, so that it is the variation in the ratio 
between rated current and, say, 1/10th rated current 
that is of importance. If the iron loss expressed in 
watts varied as the square of the secondary current, 


that is as 15 then the iron-loss ampere-turns would 
vary as I, so that IjI, would be constant and, with 
it, the ratio of transformation. Since B varies as I, 
it follows that, for constancy of ratio, the iron loss 
expressed in watts must vary as B?, The eddy-current 
portion of the iron loss does so vary, and for this 
reason eddy currents are not, in themselves, detri- 
mental to constancy of ratio, so long as the burden is 
fixed. That part of the loss which is due to hysteresis, 
however, varies as a lower power of B. Steinmetz 
gave 1-6 as the index, but for silicon-steel at the low 
flux densities adopted in current transformers an index 
of 1:7 appears to be more correct. On this assumption, 
if the core loss at rated primary current is w, and the 
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rated burden is W, then the change of ratio between 
rated current and 1/n of rated current will be :— 


Synt — l1) = (nts — 1) per cent 


Consequently, at 1/l0th rated current (ie. for 
n = 10 and n3 = 1-995) the change of ratio from 
that at rated current will be very nearly 100w/W per 
cent. 

As an example, if the weight of the core of a current 
transformer is 10 lb. and the hysteresis loss at rated 
current is 2 000 micro-watts per lb., then with a rated 
secondary burden of 15 watts the change of ratio between 
rated current and 1/10th rated current will be 


100 x 10x 2000 x 10-8 


10 = 0-2 per cent 


REDUCING THE PHASE ERROR. 


Some ingenious methods have recently been pro- 
posed for lessening the phase displacement in current 
transformers, but usually at the expense of constancy 


Bl NR aes e 
5 


3 4 


Secondary current 
pe 
gh 
o 


Secondary amperes 


Fic. 25.—Ratio and phase of ring-type current transformer 
with silicon-steel core. 


of ratio. Even with this limitation, such expedients 
are sometimes useful, particularly for use with watt- 
meters on loads of very low power factor, since it is 
usually easier to comply with requirements as to ratio 
than as to phase. From Fig. 19 and also from the 
formula on page 571 it appears that as the angle d is 
increased, the angle @ decreases, until when J, and I, 
are in line, 0 = 0. From Fig. 19 it is clear that this 
depends not only on the inductance of the external 
secondary burden but also upon the leakage inductance 
(X, of the secondary winding, since the greater X, 
the more will the vector V,, representing the secondary 
terminal voltage, swing to the left and, the power 
factor of the burden remaining unchanged, J, will 
follow it. If, therefore, the leakage inductance is artifi- 
cially increased, by winding the primary on one part 
of the core and the secondary on another, @ can be 
considerably reduced. It must be borne in mind, 
however, that this expedient is detrimental to constancy 
of ratio, since the more J, is swung round the greater 
will be the effect of a given iron-loss vector J; on the 
primary current vector Ip. This is also borne out by 
the formula for ratio error given on page 571. 


The improvement in phase angle which can be 
effected in this way is well seen from a comparison of 
Figs. 25 and 26, which refer to the same ring core, 
wound with ] 200 primary ampere-turns, in each case. 
The transformer to which Fig. 25 refers had the primary 
and secondary wound normally, whereas in the other 
case (Fig. 26) the primary and secondary were wound 
on opposite sides of the ring. With this latter arrange- 
ment the phase angle, at a burden of 7} volt-amperes 
(non-inductive), does not exceed 5 minutes down to 
1/10th rated current, whereas in the case of the normal 
transformer it amounts to 23 minutes at 1/10th rated © 
current. On the other hand, the ratio variation 
between rated current and 1/10th rated current amounts 
to nearly 1 per cent with the Separated windings, as 
against 0-3 per cent for the normal transformer, 


per cent 
Low 


Secondary cutrent, 


2 3 
Secondary amperes 


Fic. 26.—Ratio and phase of transformer to which Fig. 25 
refers, but with windings concentrated on opposite sides 
of core. 


Messrs. Price and Kent-Duff have shown * that, 
with a somewhat inductive burden, if the secondary 
terminals are shunted by a non-inductive resistance, 
or better still by a condenser, the phase displacement 
can be considerably reduced. The effect of a non- 
inductive shunt is to split the total secondary current 
into two parts out of phase with one another. The 
current flowing through the secondary burden will lag 
behind the total secondary current J, and will therefore 
be more nearly in phase with the primary current Iņ. 
This arrangement, whilst independent of frequency, is 
obviously only correct for a given burden of given 
power factor. 

The effect of a condensive shunt is as follows: 
The magnetizing current Im (Fig. 19) which causes the 
phase displacement 0, lags 90? behind the primary 
voltage E, and can be neutralized to any required 
extent by a capacity current leading 90? ahead of the 
secondary voltage, since this secondary current will 
call for a corresponding current in the primary, in 
phase with but opposed to the primary magnetizing 


* “ Minimizing.the Errors of Current Transformers by Means of Shunts," 
University of Toronto Bulletin, No. 2, 1921, p. 216. 
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current J,,. If the secondary burden is non-inductive 
the condenser must take a current equal to the magne- 
tizing current 74, but the required compensating 
capacity current will be less the greater the lag of the 
secondary current behind the terminal voltage. The 
effect of a condensive shunt on the ratio variation is 
in general negligible. It is independent of the secondary 
burden but only gives correct compensation at one 
particular frequency. The necessary capacity of the 
condenser may be reduced by connecting it, not across 
the secondary terminals of the transformer, but to a 
tertiary winding having more turns than the secondary. 
The principle of action is the same in each case. 


Two-STAGE CURRENT TRANSFORMER. 


An ingenious method of improving the performance 
of current transformers has been proposed by Messrs. 
Brooks and Holtz* and is known as the two-stage 
current transformer. Referring to Fig. 19, the vectorial 


current transformer. 


Fic. 27.—Brooks *‘ two-stage ” 


difference between J, and I, (ie. the “error” of the 
current transformer) is due to the component Ip. 
Consequently, if ampere-turns equal in magnitude and 
phase to the vector I, are added to the secondary 
current J,, the ratio and phase error of the transformer 
will be eliminated. This state of affairs can be 
approached by the arrangement shown in Fig. 27. 
I represents an ordinary current transformer, which 
for convenience may be assumed to have a turn ratio 
of unity and is connected to the meter winding W. 
The primary P, and secondary S, of I are connected 
in series with the primary Po and secondary Sg of an 
auxiliary transformer II, the turn ratio of which is 
likewise unity. 

If the current transformer I were perfect, so that its 
primary and secondary currents were equal both in 
magnitude and in phase, the ampere-turns due to P9 
would be exactly balanced by those due to Sg, assum- 
ing Pa and Sg to be connected in opposition. Taken 
together, however, these two windings may be regarded 
as a single primary, carrying a current equal to the 
vectorial difference between the primary and secondary 
currents of transformer I, and this difference current 
wil be very closely reproduced by that flowing in 
the tertiary winding T, provided that the volt-ampere 
consumption of w is small. Consequently, the sum of 
the currents in the main meter winding W and in the 
auxilary meter winding w will be very closely equal to 


* H. B. Brooks and F. C. Horrz: 


Journal of the American I.E.E., 1922, 
vol. 41, p. 389. 
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the primary current flowing in Pj. The two cores can 
be mounted close together and can, in fact, be treated 
as a single core as far as the primary winding is concerned. 

It is not possible entirely to eliminate phase and 
ratio errors in this way, even when all possible pre- 
cautions have been taken in the design, owing to the 
magnetizing current required by transformer II, but 
they can be appreciably reduced. For example, pro- 
vided that the ampere-turns at rated current are not 
less than 1000 on a burden of 20 volt-amperes, the 
ratio error may amount to, say, 0:2 per cent at any 
current down to 1/10th rated current and the phase 
displacement to less than 10 minutes, even with 
reasonably heavy burdens. A disadvantage of the 
two-stage transformer lies in the necessity for the 
provision of a second winding on the meter, so that 
special meters have to be used and great care must 
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Fic. 28.—Ratio and phase of ''precision " current trans- 
former with non-inductive burden. 


be taken that the magnetic effect of each of the two 
windings is the same. 


A “ PRECISION " CURRENT TRANSFORMER. 


A preferable solution, in the authors’ opinion, lies 
in the design of a normal current transformer, but 
provided with a core of nickel-iron (see curve III in 
Figs. 20 and 21). The characteristics of such a current 
transformer are remarkably good, as will be seen from 
the ratio and phase curves given in Fig. 28 for a 
transformer wound for 1200 ampere-turns at rated 
current. Thecharacteristics may be summarized as shown 
in Table 9, for burdens of 74, 20 and 40 volt-amperes, 
respectively, at 50 cycles. 


TABLE 9. 


From rated current to } rated 
currene 


7) VA. 20VA 40 VA 


From } rated edt to ;'5 rate 
curren 


71) VA 20 VA 40VA 


Percentage Ratio Variation. 


0-05 0:05 0-05 0:06 0-06 0-06 
Phase Displacement in Minutes (Lead). 
3 6 8 4 8 10 


Whilst the cost of a nickel-iron current transformer 
is necessarily very much higher than that of one having 
a silicon-steel core, yet for precision work, either in 
current measurements or for use with a wattmeter, 


ALTERNATING-CURRENT MEASURING INSTRUMENTS. 


577 


the extra cost may be fully justified. For example, the 
above current transformer used in conjunction with the 
precision moving-iron ammeter described in an earlier 
part of this paper will have a combined electrical accu- 
racy of 0-15 per cent throughout the working range, at 
any ordinary frequency. Or, if used with a wattmeter 
at a power factor as low as 0-2, the error due to the 
transformer would not exceed 0:5 per cent, and would 
probably be less, owing to the fact that a wattmeter 
forms a somewhat inductive burden. 

A very convenient form of current transformer is one 
having a circular core with fixed primary windings for, 
say, 10/5 and 50/5, and provided with a central hole 
through which the cable carrying the current to be 
measured may be passed the required number of times 
to give ratios of 100/5, 200/5, 500/5, 1 000/5 and so 
forth. 

The characteristics of the nickel-iron current trans- 
former just described may be compared with those of 
the silicon-steel transformer given in Fig. 25, which 
latter, it may be added, are already superior to those 
called for in the highest grade of current transformers 
prescribed in B.S.S. No. 81. 


Bar TYPE CURRENT TRANSFORMERS. 


The difficulties in the way of designing a satisfactory 
bar-type * current transformer for a small primary 
current are considerable. These transformers, however, 
present advantages from the point of view of insulation, 
capacity to withstand short-circuits, immunity from 
damage by surges, as well as cheapness and general 
convenience in erection, so that it seemed well to 
examine their possibilities more closely. It is evident 
that if the primary current is low, there being only 
one "turn," B must be relatively high and/or the 
cross-sectional area of the core unduly large. This 
will, as has been seen, lead to a large phase displace- 
ment unless a material with a high permeability is 
used. The nickel-iron alloy of curve III in Figs. 20 
and 21 fulfils this condition. 

A bar-type current transformer would usually fall 
into one or other of two classes, according to its purpose. 
It may be for use with an indicating or integrating 
wattmeter, which may form a secondary burden of 
from 2 to 5 volt-amperes and entails reasonable accuracy 
as regards both ratio and phase, or it may be for use 
with an ammeter and over-current relay, demanding a 
total burden of, perhaps, 10 volt-amperes when exact 
constancy of ratio is of small importance and the phase 
displacement of none. 

The first of these alternative current transformers, 
being for use with a wattmeter, would probably have 
to comply with conditions somewhat as follows, at 
5 volt-amperes:—Down to 1/10th rated current the 
ratio must be correct to within 4 per cent and the phase 
displacement must not exceed 90 minutes. Experience 
shows that if this last requirement, namely the phase 
displacement at 1/10th rated current, is complied with 
the other will usually follow. 

The maximum phase displacement @ being fixed, 


* These have been variously called “single turn," “straight,” '' straight 
through, ” “ bar," '' bushing,” “ stud," “ open primary, " etc. The expression 

'bar type " appears to the authors to be the most descriptive and has the 
further advantage of being the shortest. 


tan Ó is known and therefore, for a given number of 
primary and secondary ampere-turns, the allowable 
magnetizing ampere-turns I,, are also fixed. A jointless 
ring core is essential and, knowing the length of the 
magnetic path and selecting the material to curve III 
in Figs. 20 and 21, the maximum permissible flux 
density at 1/10th rated current, and therefore that at 
full rated current, are known. The required burden 
being 5 volt-amperes, the secondary voltage will be 
l volt, so that the minimum cross-sectional area of the 
core is indicated. 

Fig. 29 shows the characteristics of a bar-type current 
transformer for a rated primary current of only 120 
amperes, designed on these lines and tested with a 
burden of 5 volt-amperes at 50 cycles. It will be seen 
to be well within the requirements proposed above, both 
as regards ratio and phase. 

The second alternative current transformer being for 
use with ammeters and relays, ratio alone need be con- 
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Fic. 29.—Ratio and phase of 120-ampere dete current 
transformer. 


sidered. It may be assumed that it will have to be 
correct to within 1 per cent down to 1/10th rated 
current * with a burden of 10 volt-amperes. This 
figure being given, the maximum allowable iron-loss 
ampere-turns are fixed. The secondary voltage in 
this case will be 2 volts so that B can be calculated, 
and with it the minimum permissible cross-section of 
the core. Fig. 30 shows the ratio curve of a bar-type 
current transformer designed on these lines and having 
a ratio of only 60/5, with a burden of 10 volt-amperes 
at 50 cycles. It will be seen to possess more than the 
required accuracy in spite of the excessively low value 
of the primary current. 

The shape of the ratio curve of Fig. 30 is of interest 
when compared with a more normal curve, such as 
that of Fig. 25. It was shown that if the iron loss 
varies as B?, the transformation ratio of the current 
transformer will be constant at all currents, that is to 
say, the curve will be a horizontal straight line. If 
the value of n in the expression Iron loss = KB" is 
less than 2, as is the case with silicon-steel, the curve 
wil slope downwards (compare Fig. 25). For the 
nickel-iron core of Fig. 30, the ampere-turns are low, 

* The actual ratio at any given secondary current can, of course, be made 


correct by a corresponding adjustment of the number of secondary turns, one 
turn representing 0:2 per cent on a 900 ampere-turn current transformer. 
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so that the flux density at rated current is relatively 
high and the value of n changes from about 2-2 at 
low flux densities, resulting in an upward slope of the 
curve, to 1-8 at high flux densities, resulting in a down- 
ward slope. At secondary currents between 1 and 2, 
the ratio curve is sensibly horizontal, indicating that 
the value of n is approximately 2. 

A reference to Fig. 28 shows that the ratio curve of 
a normal nickel-iron current transformer slopes upwards, 
and since that of a silicon-steel transformer slopes 
downwards, it would appear that a level curve could 
be obtained over a wide range of currents by using a 
core composed of a mixture of silicon-steel and nickel- 
iron sheets in appropriate proportions. Actually, how- 
ever, the ratio variation of a well-designed nickel-iron 
transformer is already so small that any further 
improvement therein would be dearly bought at the 
price of the increased phase displacement which this 
procedure would inevitably involve. 

In order to obviate the expense and inconvenience 
of connecting two high-tension current transformers in 
series when it is desired to operate a wattmeter, for 
example, as well as ammeters, relays, etc., two or even 
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Fic. 30.—Ratio curve of 60-ampere bar type current 
transformer. 


three transformers, such as those just alluded to, can 
be mounted on a single insulator, each retaining its 
individual characteristics. 


MULTI-TURN CURRENT TRANSFORMERS FOR HIGH 
VOLTAGES. 


From what has been stated it will be .clear that the 
required accuracy in normal bar-type current trans- 
formers cannot be obtained at low rated primary 
currents, and with the gradual raising of transmission 
voltages it might be thought that there would be a 
general lowering of the full-load current to be dealt 
with. Fortunately for the designers of current trans- 
formers, this has not occurred to any large extent, owing 
to the normal expansion which has been going on 
simultaneously. On the other hand, the rapid growth 
in the size of power houses and the isolation of the 
control room have necessitated the use of long con- 
necting leads, 100-ft. runs being quite normal. A 
200-ft. length of 7/-028 cable has a resistance of nearly 
0-4 ohm, and consequently introduces an additional 
burden of nearly 10 volt-amperes at 5 amperes secondary 
current. It seems likely, therefore, that l-ampere 
secondaries may become necessary in such cases, par- 
ticularly with low-ampere-turn current transformers. 
They would have the further advantage that the addition 
or removal of one secondary turn had a smaller effect on 
the ratio, and so rendered easier its exact adjustment. 

When it is not possible, owing to the small number 
of secondary turns, to adjust the ratio correctly, this 
can readily be effected by connecting the secondary of 
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the current transformer to its burden through an 
auxiliary current transformer having a large number of 
primary and secondary turns, with such a turn ratio as 
will correct that of the main transformer. For example, 
in an auxiliary transformer having a turn ratio of 
1 000/1 005, one turn represents 0-1 per cent, so that 
very exact adjustment is possible. The additional 
errors introduced will be negligibly small, compared 
with those of the low ampere-turn current transformer 
in conjunction with which the auxiliary transformer is 
used. 

There are still, however, many circuits in which a 
bar-type current transformer is out of the question, 
and for this purpose the form shown in Fig. 31 is 
valuable. The insulators AA may consist of porcelain 
or bakelized paper tubes, through which the primary 
winding is threaded. In this way any desired number 
of ampere-turns can be arranged for. To prevent the 


Fic. 31.—High-voltage multi-turn current transformer. 


formation of ozone in the imprisoned air in the tubes, 
it is usual to provide the latter with a metallic lining 
connected to the winding. To prevent breakdown 
between the primary turns, due to surges, well-insulated 
cable must be used for the primary windings, and to 
prevent mechanical damage due to short-circuits on 
the system the insulators should be well braced together, 
as shown at B, unless the tubes themselves are of 
ample strength. If these precautions are taken, such a 
current transformer is almost as reliable as the bar 
type and is obviously capable of much greater accuracy. 


PROTECTION OF INSTRUMENT TRANSFORMERS. 


VOLTAGE TRANSFORMERS, 


Voltage transformers are often connected direct to 
the station busbars so that, should a fault occur in the 
transformer, a dead short-circuit may be thrown on 
the system, and under such conditions no fuse of 
reasonable dimensions can be relied upon to clear the 
fault. Fortunately, it is possible to keep the short- 
circuit current within manageable limits by connecting 
a resistance in series with each pole of the voltage 
transformer, and this without ny affecting its 
accuracy. 

In Fig. 32 is given a sünplified vector diagram for 
a voltage transformer. The flux is represented by Ọ, 
and the magnetizing current Im, together with the iron- 
loss current I, give a resultant or no-load current Jy. 
In quadrature with the flux is the induced voltage E 
which, assuming a turn ratio of unity, will be the same 
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in both primary and secondary windings. To E must 
be added, vectorially, the no-load voltage-drop Ior 
(where r is the primary resistance) in phase with I>. 
This gives Vy), the no-load primary voltage. If the 
transformer is loaded, there is a further voltage-drop 
due to the secondary current J,, assumed to be in 
phase with the secondary voltage (i.e. a non-reactive 
burden). If the total equivalent resistance of primary 
and secondary windings is R and the total equivalent 
inductance X, the ohmic and inductive drops are 
I,R and I,X, respectively. Thus, a primary voltage 
Vp2 is necessary to give a secondary terminal voltage E. 

The difference in magnitude between E and Vj 
can be corrected by appropriately adjusting the turn 
rado of the transformer, but the regulation between 
no-load and full load (i.e. V4» — Vj) remains. The 
leading phase displacement 04 at zero burden, due to 


Fic. 32.—Simplified vector diagram of 
voltage transformer. 


the no-load current I, is opposed by a lagging angle 05, 
due to the inductance of the transformer windings, the 
net angle being therefore 05. Thus the phase displace- 
ment at no-load invariably represents a lead, whereas 
that at full load may be either a lead or a lag, 
according to the magnitude of the vector J,X, i.e. of 
the secondary current and the leakage inductance. 

The effect of connecting a protective resistance in 
series with the primary is two-fold. It tends to 
increase the drop of voltage between no load and full 
load (Vy2 — V4), and also the no-load angle 0, (owing 
to the increase in Ir). Whether the full-load angle 04 
is thereby increased or decreased depends upon whether 
05 is already less or greater than 6}. 

In determining the value of the protective resistance, 
a compromise is necessary. The resistance must be 
high enough for the fuse to open the circuit with 
certainty and without overheating the resistance, and 
yet low enough to prevent the accuracy of the voltage 
transformer from being unduly affected. 
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Experience shows that a resistance, whether of wire 
in vitreous enamel or of carbon (either of which may 
conveniently take the form of a rod 8 or 10 in. long), 
will satisfactorily withstand 20 to 40 kW during the 
short time necessary for the fuse to blow, and the fuse 
in this case may safely be a fine wire mounted in a 
comparatively short insulating tube. "With a voltage 
transformer moderately loaded (e.g. with a burden of 
about 100 volt-amperes) a double-pole resistance lying 
within the above limits will not introduce an error of 
more than $ per cent in ratio and an additional phase 
displacement of about 15 minutes. The phase dis- 
placement of a voltage transformer is usually consider- 
ably less than that of a current transformer of corre- 
sponding grade and, since the highest combined accuracy 
is obtained when the phase displacement of current 
and voltage transformers is the same, the extra angle 
introduced by the series resistance is not necessarily 
disadvantageous. It must be borne in mind that 
primary fuses cannot usually be made fine enough to 
protect the transformer against secondary faults, so 
that it may be desirable to fuse the secondary also. 

A series resistance of high ohmic value forms an 
efficient protection against breakdown between turns 
of a voltage transformer, due to surges, and is in this 
respect probably more effective than strengthening 
the insulation of the end turns—a practice which is 
difücult to apply owing to the necessity of reducing 
the winding space to a minimum. The resistance in 
series with each pole should, if possible, be not less 
than 0-2 ohm per volt, a value which, for voltages exceed- 
ing 5 000, will not have a serious effect on the accuracy. 


CURRENT TRANSFORMERS, 


Should a surge cause a breakdown between the turns 
of the primary winding of a current transformer, the 
accuracy is destroyed but the defect may remain 
unnoticed for some time. Fortunately, the danger of 
such a breakdown, whilst always present, is less than 
might at first sight appear, owing to the close coupling 
between primary and secondary windings, from which 
it follows that it is only the leakage inductance of the 
primary which is involved. Moreover, the iron and 
copper losses tend to dissipate the energy of the surge. 
If the primary terminals are shunted by a non-inductive 
resistance of suitable value, a by-path is provided for 
the surge and the ratio need not be affected by more 
than, say, $ per cent. 

To obviate even this error, the resistance may have 
a spark-gap in series with it, a simple form of resistance 
and spark-gap for the purpose consisting of discs of 
carbon separated by mica plates perforated with holes. 
In deciding upon the length of the spark-gap it must 
be remembered that, in the event of a short-circuit 
current passing through the primary, the drop across it 
may be considerable and yet, particularly in the case 
of transformers operating protective relays, it is often 
of importance that their operation should not be 
interfered with, even under heavy short-circuit condi- 
tions. In this respect a gap with a resistance in series 
is obviously superior to a plain gap, since in the former 
case the primary is only partially short-circuited whem 
the gap breaks down. 
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CAPACITY OF INSTRUMENTS AND THEIR 
ACCESSORIES TO WITHSTAND OVERLOADS. 
* 


INSTRUMENTS, 


. Under modern conditions, the overloads to which 
measuring instruments may be subjected are extremely 
severe; in fact, fault currents of 20 times the rated 
carrying capacity must be regarded as quite normal, 
and of 100 times as by no means uncommon. When it 
is remembered that the watts dissipated in a meter 
carrying 32 times its rated current are 1000 times 
what they were at rated current—that is, watts become 
kilowatts—it might be thought that meters would 
often be '' burned out." Experience shows this to be a 
comparatively rare occurrence, however, and that it is 
mechanical damage to the moving parts which is most 
to be feared. 

It is worthy of note that an ammeter having a scale 
with closer divisions at the upper end, such as those 
shown in Figs. 2 and 3, is less liable to mechanical 
damage than one having even divisions, since the force 
with which the pointer is driven against the end stop is 
reduced. 

In the case of high-tension a.c. systems, which are 
the most subject to abnormal, heavy fault-currents, 


the meter is usually isolated from the high-tension. 


circuit by a current transformer and, as will be seen 
later, this largely safeguards it, owing to a failure of 
the secondary current to keep pace with the primary 
current under heavy overload conditions. 

It is generally accepted that a meter cannot be 
regarded as satisfactory unless it will safely withstand 
an over-current of at least 30 times its rating. At the 
same time it must be remembered that the short- 
circuit current is not really a function of the full-load 
current of the particular circuit in which the meter 
may be connected, but rather of the output of the 
station behind it. Consequently, great care is necessary 
in the rating of meters which are connected in com- 
paratively low-current circuits fed from heavy-current 
busbars. 

The capacity of measuring instruments to withstand 
overloads, whether temporary or prolonged, varies 
greatly with their construction. The moving-iron type 
is usually the best in this respect and the hot-wire 
perhaps the worst, whilst the permanent-magnet 
moving-coil type occupies an intermediate position. A 
well-constructed moving-iron ammeter will withstand 
50 times its rated current for $ sec., whereas a hot-wire 
ammeter will probably burn out if the current exceeds 
twice its rated value for 4 sec., and a moving-coil 
ammeter may be expected to withstand about 10 times 
its rated value for that length of time. 


SHUNTS. 


The short-time rating of shunts is an important 
matter, particularly for railway and other services 
where large amounts of direct-current power are 
available at a comparatively high voltage, so that severe 
short-circuits are liable to occur. 
Booth have suggested * a simple method of calculating 


* Journal I.E.E., 1925, vol. 63, p. 299. 
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the rise of temperature due to a fault current of such 

short duration that practically all the heat generated is 

expended in raising the temperature of the shunt leaves. 
It can be shown that under these conditions 


n=1 ooor | (228) 


where n is the fault current expressed as so many times 
rated current, / the length of the shunt leaves in centi- 
metres per millivolt drop at rated current, p the 
resistivity of the material used, in microhms per cm 
cube, d the density, s the specific heat expressed in 
watts per gramme, Ü the temperature-rise in degrees C., 
and ¢ the time in seconds during which the short-circuit 
persists. 

For manganin we may put p — 42, d — 8-4 and 
8 = 0:5. Hence 


"NS oor (SAA " DA 
t x 108 t 


Consequently, if it is assumed that manganin or 
some material of similar characteristics has been used, 
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Fic. 33.—Heating of shunt by heavy overloads. 


and that the length of the shunt leaves is 0-1 cm per 
millivolt drop, which is a usual value, a very simple 
expression can be found connecting temperature-rise 
with current. 

As regards a limiting temperature-rise, 250 deg. C. 
can probably be taken since, although this may be 
above the temperature at which solder melts, experience 
shows that owing to the cooling effect of the connecting 
blocks there is no likelihood of even soft solder running, 
and the resistance material will be in no way damaged 
by being momentarily raised to a temperature of 
300° C. or more. 

On the above assumptions, it can be shown that a 
rise of 250 deg. C. will occur in 440/n? seconds. Fig. 33 
shows the relationship graphically, and it will be seen 
that 10 times the rated current can be carried for 
4 sec., 20. times for 1 sec. and as much as 30 times for 
$ sec. 

Overloads such as these would probably be of rare 


Messrs. Melsom and ! occurrence, but overloads of two or even three times 


rated current may be encountered at fairly frequent 
intervals so that a more conservative view must be 
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taken of the permissible temperature-rise when dealing 
with such moderate overloads. 

It will probably be agreed that a rise of 180 deg. C. 
may safely be allowed, starting from cold, or of 
100 deg. C. if the shunt has already been under load 
for some time. Making the same assumption as before, 


viz. that practically all the heat generated is expended . 


in raising the temperature of the shunt leaves, Fig. 34 
shows the time during which various currents can be 
carried for a temperature-rise of 180 deg. C. and 
100 deg. C., respectively. Thus, supposing the shunt 
were cold when the overload commenced, it will carry 
an overload of 50 per cent for more than 2 minutes, 
100 per cent for more than 1 minute and 200 per cent 
for more than 4 minute. If, on the other hand, it 
was already at a temperature of 100? C. when the 
overload commenced, the respective times will be 
50 per cent overload for 11 minutes, 100 per cent over- 
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Fic. 34.—Heating of shunt by moderate overloads. 


load for 2 minute and 200 per cent overload for 20 
seconds. For times exceeding 4 minute, heat will 
undoubtedly be lost by radiation and convection, so 
that the actual temperature reached will be lower than 
that calculated on the assumption of no such loss. 

Shunts do not, in practice, vary much as regards 
voltage-drop per unit of length, so that the above 
considerations will probably apply fairly closely to 
those of any make. Integrating meter and graphic 
meter shunts, which usually have a comparatively high 
voltage-drop, will probably have an increased length of 
leaf per millivolt, and to that extent will possess a 
proportionally greater capacity for withstanding mo- 
mentary overloads. 


JOINTS. 


A badly made joint is one of the weakest spots in 
connection with the withstanding of overloads and 
requires great attention. In a paper by Messrs. 
Melsom and Booth * much fresh light is thrown upon 
this subject and it is shown that the conductivity of a 
joint is not by any means proportional to the area of 
contact. In fact, under certain conditions, it was 


* “The Efficiency of Overlapping Joints in Copper and Aluminium Busbar 
Conductors,” Journal I.E.E., 1922, vol. 60, p. 889. 
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found that if the surface area of a copper-to-copper 
joint was doubled, the resistance of the joint, instead of 
being halved, was actually more than doubled—a 
somewhat startling result, which appears to be due to a 
deformation of the contact surfaces by the clamping 
bolts. With a larger surface the deformation is lessened 
and with it the pressure per unit area round the bolt. 

It would appear, as a result of these considera- 
tions, that the current-carrying capacity of a joint is 
determined rather by the number of clamping bolts 
than by the surface area. At the same time, there is 
a maximum and a minimum surface area per bolt 
which, if overstepped in either direction, reduces the 
efficiency of the joint, and the provision of one bolt for 
each 500 amperes of rated current appears to give 
satisfactory results. If both sides of the shunt block 
are used each bolt will deal with 500 amperes per side. 

For currents exceeding 5 000 amperes laminated 
shunt ends are commonly used to suit the laminations 
of the busbars, for which 1 in. is a convenient thickness. 
It is essential that there should be sufficient flexibility 
in the laminations or the full pressure (which for a 
4 in. bolt and nut may be expected to reach some 
2 500 lb. per square inch) may not be transmitted to 
the point of contact. 

In connection with the heating of shunts, a require- 
ment of B.S.S. No. 89 may be alluded to, since its 
raison d'étre has often been questioned. If a direct- 
current shunt is to be erected with one terminal above 
the other, it is recommended that the current should 
enter at the lower terminal. This recommendation is 
based upon the heating which takes place owing to the 
so-called Peltier effect when current passes from an 
electro-negative material such as copper, to a more 
electro-positive material as represented by the majority 
of resistance alloys. Conversely, a lowering of the 
temperature takes place at the other terminal block. 
Since under normal conditions the upper block becomes 
the hotter owing to convection currents of air, a cooling 
of the upper block and a heating of the lower tend to 
equalize matters. In the case of constantan shunts 
with copper ends, a temperature of 50? C. corresponds 
to a thermo-e.m.f. of about 2 millivolts, so that, with 
1 000 amperes passing, 2 watts will be generated at the 
incoming end and absorbed at the outgoing end. The 
amount of heat is thus seen to be small, even in this 
case, and in the majority of modern shunts the thermo- 
e.m.f. is negligible (for manganin it is only 0-015 milli- 
volt for 50? C.), so that the heat generated or 
absorbed is practically nil. With a  nickel-chrome 
shunt having copper terminal blocks, the e.m.f. would 
be in the opposite sense, so that the terminal at which 
the current enters would be cooled relatively to the 
other. 


CURRENT TRANSFORMERS. 


For maximum precision in any type of current 
transformer, the primary winding space must be small, 
so as to minimize the length of magnetic path and the 
resistance of the secondary winding. Consequently, the 
tendency of the designer is to reduce the cross- 
sectional area of the primary conductor as much as 
possible, since the primary losses have no effect on 
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the accuracy. The behaviour of current transformers 
under short-circuit conditions must therefore be care- 
fully considered, and this with respect to both 
mechanical and thermal stresses. 

Mechanical stresses.—The mechanical effects of the 
short-circuit may be serious. The repulsion between 
two parallel conductors carrying a current of J amperes 
in opposite directions is approximately 


Il 
. —— lb. 
4^9 X lgsg 
where J is the short-circuit current in amperes, 4 the 
length of each of the parallel conductors, and d the 
distance between them, l and d being measured in 
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Fic. 35.—Unsymmetrical short-circuit current. 


the same units. If J isthe R.M S. value of the current, 
as in the formula usually quoted, P will be the R.M.S. 
value of the force. It has, however, been pointed out 
by Mr. S. A. Stigant that it is the maximum value of 
the force which has actually to be reckoned with, and 
this will correspond to the peak value of the current 
wave and not to its R.M.S. value. Consequently, 
the force will be greater by (4/2)? than that given in 
the above formula, and if J still represents the R.M.S. 
value of the current, the formula becomes :— 
I?l 
Pies = 8X losd Ib. 

It must, further, be borne in mind that during the 

first few cycles of short-circuit the current wave is 
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side of, and just touches, the zero line, the formula 
becomes :— 

I*l 
36 x 108d Ib. 


Faz. = 

Even taking a more moderate constant of 15, it will 
be seen that the forces momentarily developed are 
enormous. For example, reference may be made to a 
very convenient construction in current transformers 
which consists in passing the leading-in conductors 
through a single insulator, thus not only saving cost 
but improving the insulation. If the distance apart of 
the two conductors is ł in. and their length 12 in. the 
force of repulsion, should the momentary short-circuit 
amount to 50 000 amperes (R.M.S.), would be over 
2L tons. Such a force would doubtless shatter the 
insulator unless the conductors themselves were very 
strongly tied together. In this respect a concentric 
arrangement of the leading-in conductors is much 
better calculated to withstand the stresses due to a 
short-circuit. Fig. 36 shows such a double-conductor 
terminal for 35 kV as made by the Micanite and 
Insulators Co., Ltd. 

The primary windings themselves always tend to open 
out into a circle and, consequently, must be well braced 
unless they are already of circular form, which is clearly 
the best arrangement. 

As bearing on the capacity of current transformers to 
withstand overloads, the tests which are alluded to on 
page 584 in connection with overheating are of interest, 
in that observations were made of the current which 
caused mechanical as well as thermal breakdown. 
None of the current transformers tested, with the 
exception of the bar type, were found to be mechanically 
capable of withstanding the momentary application of a 
current equal to that which they would withstand for 
4 sec. from the point of view of overheating alone. All, 
however, safely withstood 100 times the rated current 
and may therefore be considered satisfactory. 

Break-away of ratio from proportionality.—The satura- 
tion of the core in the case of a heavy overload, 
although disadvantageous from many points of view, 
may serve a useful purpose in that the secondary 
current no longer keeps pace with the primary, thus, to 
some extent, safeguarding the secondary burden. On 
the other hand, it is imperative that the break-away 


Fic. 36.—Concentric double-conductor terminal for 35 kV. 


often unsymmetrical. That is to say, the current 
oscillates with a bias to one side of the zero line. This 
effect is shown in Fig. 35 in which the line of symmetry 
(dotted) only coincides with the true zero line after 
seven or eight cycles. It is clear, therefore, that 
although this will have little cffect on the heating it 
may greatly increase the mechanical forces in the 
transformer. In fact, if the wave lies entirely to one 


from proportionality should not occur within the useful 
range of the apparatus operated by the transformer, 
such as meters and, above all, protective relays. 

In order to obtain data from which the point of 
break-away from proportionality could be predetermined, 
the following experiments were carried out. A ring 
core of annealed stalloy was provided with primary and 
secondary windings (P and S in Fig. 37) with an equal 
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number of turns. These were connected in series with 
each other and with a non-inductive burden of about 
30 volt-amperes, through a non-inductive resistance R, 
to a source of alternating current at 50 cycles per second. 
If the current transformer had. a ratio of unity and 
zero phase displacement, the primary and secondary 
windings would carry the same current, but any 
departure from these ideal conditions would cause the 
excess current to flow through the shunt shown in the 
figure. The current in the shunt was measured in 
magnitude and phase (as compared with that flowing 
through the secondary burden) by means of an alter- 
nating-current potentiometer. In this way the magne- 
tizing ampere-turns J,, and the core-loss ampere-turns 
I, (Fig. 19) were determined at various currents 
from one-fifth rated current up to a very heavy over- 
load. It has been shown that under normal conditions 
the ratio depends almost entirely upon J; and but 


Burden 


To A.C. potentiometer 


Fic. 37.—Measurement'of current transformer 
ratio with heavy overloads. 


little upon Im; but when, owing to approaching satura- 
tion of the core, I,, becomes very large, the ratio varia- 
tion increases rapidly, since under these conditions the 
angle a is very small. In fact, for comparatively large 
overloads, 


I =] : — IÈ approximately. 


Consequently, so soon as Im increases more rapidly 
than I, the ratio of I, to I, will tend to decrease. In 
a current transformer of which the primary and 
secondary windings are on opposite limbs, the leakage 
reactance of the secondary will increase rapidly as 
saturation is approached, with the result that J,, and 
with it Z,, are swung round in a clockwise sense, thus 
further decreasing the ratio of I, to Ip. 

Fig. 38 gives a curve connecting primary and secondary 
amperes up to 24 times the rated current for the experi- 
mental current transformer alluded to above, when 
wound for 1000 ampere-turns at rated current and 
connected to a burden of 30 volt-amperes. Fig. 39 
shows the ratio error of a similar transformer up to 
17 times the rated current. It will be seen that up to 
about 9 times the rated current (at which point the 
secondary output would be 2400 volt-amperes) the 
ratio is reasonably constant, but that above this point 
it falls away sharply. 

From what has been said, it will be clear that the 
point of break-away from proportionality depends upon 
the primary ampere-turns and the dimensions of the 
core. It is therefore largely under the control of the 
designer. For use with meters or with non-discri- 
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minating protective relays, the break-away may take 
place at 4 or 5 times the rated current so as to afford 
a maximum of protection to the apparatus operated. 
On the other hand, for relays in which discrimination 
is obtained by means of time-lags or for use with 
circulating-current protection, it is essential that the 
ratio should be correct up to the heaviest possible 
currents. By the use of ring cores of large area this 
can be ensured up to as much as 100 times the rated 
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Fic. 38.—Secondary current of current trans- 
former under overload conditions. 


current so long as the ampere-turns are reasonably high, 
and since in circulating-current protective systems it is 
only the out-of-balance current which flows through the 
relay, there is little danger of burning it out. 

For current transformers used with over-current 
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Fic. 39.—Ratio of current transformer under overload 
conditions. 


relays, even if time-lag discrimination is employed, the 
break-away may usually be allowed to occur at about 
5 times the rated current, since time-lag relays, even 
of the inverse pattern, should give a lag which is inde- 
pendent of the current for an overload of any value 
exceeding, say, 5 times the current for which the relay 
is set. It is not difficult to design a current trans- 
former having sufficient accuracy for the purpose and 
yet which will, under no conditions of overload, give a 
secondary current exceeding 10 times the rated current 
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of the relay, which is a momentary overload the relay 
may reasonably be expected to withstand. As has 
already been pointed out, two or more cores having 
quite different characteristics can be mounted upon a 
common insulator, which may conveniently be the 
leading-in insulator of a power transformer or circuit 
breaker. 

Thermal damage.—.As regards the current transformer 
itself, a really severe fault must be cleared within a very 
short space of time or any transformer in its path will 
inevitably be destroyed through over-heating. If 
instantaneous protective gear is provided, the fault 
will presumably be cleared in } sec., and if time-lag 
discrimination is in use, within not more than 2 seconds, 
even under the worst conditions. Consequently, the 
behaviour of current transformers within $ sec. and 
2 seconds, respectively, of the occurrence of a fault is 
of particular interest. 

During these short intervals of time the heat developed 
in the transformer is almost entirely expended in raising 
its temperature and little or none is radiated or con- 
ducted away. There are three principal sources of 
heat, namely, the primary copper, the secondary copper 
and the core. Of these, the last can be neglected as 
representing less than 1 per cent of the total. If the 
specific heat s and the conductivity of the copper are 
assumed, it is easy to calculate the rise of temperature 
in a given time for any given current density in the 
windings. In this calculation the primary winding 
alone need be taken into account since, as has already 
been pointed out, the current density in the secondary 
is almost invariably lower than that in the primary and, 
as has been seen, the ratio will probably not be 
maintained. | 

If the resistance of the winding is R and the current 
flowing I, we have :— 


kI?R 


Temperature-rise per second (@) = T 


For copper, 8 is constant, whereas R, owing to the 
increase of temperature, is not constant. A fair 
approximation, however, may be arrived at by treating 
R as constant, and increasing the index of J from 
2 to 2-04, when the formula becomes 0 = 10-842 04, 
where @ is the temperature-rise per second and A is the 
current density in the copper per square inch. If A 
represents the current density at rated current, the 
temperature-rise per second at n times rated current 
will be 

0 = (nA)*9* x 10-8 


It is, of course, essential that the temperature attained 
should not be such as to damage the insulation. In 
view of the fact that a short-circuit such as is here 
considered will, presumably, only be encountered at 
rare intervals, a rise of 200 deg. C. is probably 
justifiable even if the transformer has already been 
operating at full primary current for some hours, in 
which case a copper temperature of nearly 300°C. 
might be reached. 

Fig. 40 shows the length of time which will elapse 
before the temperature has risen by 200 deg. C., with 
various overloads and for current densities of 1 000 
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and 1500 amperes per square inch, respectively, at 
rated current. From this curve it will be seen that 
with a rated current density of 1 000 amperes per square 
inch, 75 times rated current can be carried for more 
than 2 seconds or 150 times for more than 1l sec, 
without the temperature increasing beyond the limit 
chosen. At a rated current density of 1 500 amperes 
per square inch, 100 times rated current can, similarly, 
be carried for more than 4j sec., or 50 times for more 
than 2 seconds. These intervals represent, in each case, 
the total time the fault has been on the system, including 
any re-closing of the breaker on the fault, should this 
take place. 

Air-cooled transformers have been assumed, as oil- 
insulated or compound-filled transformers are not so 
satisfactory in this respect. Moreover, a breakdown is 
then likely to be more serious owing to the risk of 
explosion, so that lower limits of temperature-rise 
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Fic. 40.—Heating of current transformer by heavy over- 
loads. 


should be adopted; in fact, the current-carrying 
capacity is often only about half that of the open type. 

As bearing out the conclusion that a current trans- 
former may reasonably be expected to withstand 
100 times the rated current for $ sec. or 50 times the 
rated current for 2 seconds, some tests to destruction, 
carried out on a number of American open-type current 
transformers, are of interest.* l 

Six current transformers of ratios varying from 
100/5 to 300/5 were tested at 25 cycles. Of these, four 
had ordinary wound primaries, one had an open wound 
primary (similar to Fig. 31) and one was of the bar 
type. Of these six current transformers, two withstood 
100 times the rated current for 2 seconds without damage, 
and the lowest value on the 2-second basis was 50 times 
the rated current. On the j-sec. basis two withstood 
200 times the rated current and the lowest value was 
100 times the rated current. In three instances a terminal 
lug burnt off at an earlier stage, which emphasizes the 
importance of adequate conductivity at these and all 
other joints. 

In B.S.S. No. 81 of 1926 it is recommended that the 
current density in the primary, when carrying a fault 
current, should not exceed 120 000 amperes per square 
inch for a total duration of fault current of } sec. This 
current density corresponds, on the assumptions made, 
to a rise of about 120 deg. at the end of } sec. or about 

* Electrical World, 1923, vol. 82 ,p. 169. 
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200 deg. in 0-8 sec., so that it may be regarded as a 
conservative rating. It is of interest to note that the 
German specification stipulates that the passing for 
1 second of 50 or 60 times rated the current (according 
to the class of current transformer) shall not damage it. 

Open-circuited secondary.—Of electrical troubles, the 
most serious is probably that the secondary may be 
opened during the passing of a short-circuit current 
_ through the primary ; such an occurrence has disastrous 
effects and must be carefully guarded against. 

As has been seen, the ampere-turns required to 
magnetize the core represent a very small proportion 
(perhaps 1 per cent) of the total primary ampere-turns. 
The remainder are balanced by the secondary ampere- 
turns so long as the circuit is closed, but should the 
secondary circuit be opened, the whole of the primary 
ampere-turns will be expended in magnetizing the core. 

Taking the case of an average current transformer, 
in which the primary ampere-turns at rated current 
may be 1 000 and the length of the core about 35 cm, 
then the magnetizing force will amount to about 
29 ampere-turns per cm and the resultant peak value 
of flux density to about 15 000 gauss. This very high 
flux density will have the effect of increasing the iron 
loss and of inducing an abnormally high voltage in the 
secondary. As regards the iron loss, if the flux were 
sinusoidal it would amount to about 2 watts per lb. 
Actually, the flux wave is flat-topped, but a direct 
measurement of the total loss showed it tc correspond 
very closely to this value of 2 watts per lb., which 
is clearly much too low to cause overheating. Moreover, 
since 15 000 gauss is near the saturation point of the 
steel, the losses, even with a still heavier overload current 
in the primary, will not be serious. If the length of the 
magnetic path is greater than that assumed (and it is 
unlikely to be less), or if the core has joints in it, the 
flux density, and with it the iron losses, will be reduced. 
It would appear, therefore, that the danger of over- 
heating owing to the opening of the secondary is remote. 

The second effect of the high magnetizing ampere- 
turns, viz. the abnormal voltage generated in the 
Secondary, is much more serious. At the flux densities 
in question, the iron being near the saturation point, 
the wave of flux is flat-topped, so that, whilst the mean 
value of the voltage may be moderate, the collapse of 
the steep-fronted flux wave produces a very high peak 
voltage in the secondary winding. The peak value, in 
fact, may be some 10 times the average value, and since 
the latter depends upon the maximum value of the 
flux, the peak voltage appearing between the secondary 
terminals may be 10 or more times as high as the 
value calculated from the usual formula connecting 
flux, number of turns and frequency, on the assumption 
of a sinusoidal wave of flux. 

Fig. 41 shows the average, R.M.S., and peak values 
of the voltage across the open-circuited secondary 
terminals, for various values of primary ampere-turns 
up to 2400, which in the case considered represents 
2) times rated primary current. The experimental 
transformer had a core of stalloy and a primary wound 
with 200 turns, through which currents ranging from 
0-1 ampere up to 11 amperes were passed in series with 
a high non-inductive resistance, so as to ensure that 
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the current wave was reasonably sinusoidal. The 
secondary voltage was measured in three -different 
ways :— 


(2) By means of an electrostatic voltmeter (giving 
the R.M.S. value). 

(b) By means of a synchronous rectifier and d.c. 
voltmeter (giving the average value). 

(c) By means of a synchronous point-to-point contact 
maker (giving the peak value). 


It will be seen that above 100 primary ampere-turns, 
the curve of average voltage is nearly horizontal, showing 
that the iron is saturated. The R.M.S. value continues 
to rise up to 2000 or 2500 ampere-turns, at which 
point it appears to have reached a fairly steady value. 
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Fic. 41.—Voltage induced in open-circuited secondary of 
current transformer. 
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The peak voltage, however, is still rising steepty at 
2 500 ampere-turns, at which point it amounts to some 
1 200 volts. Thus, the real danger of an open-circuited 
secondary lies not in the overheating, but in the very 
high peak voltage induced in the secondary, which, 
quite apart from the risk of insulation breakdown, may 
actually prove dangerous to life. 

. A further source of danger with an open-circuited 
secondary is that the abnormal flux density is liable to 
leave the core permanently magnetized to a relatively 
high value, which has the effect of reducing the perme- 
ability and so increasing the phase displacement, even 
after the circuit conditions have been restored to normal. 
The error so introduced may not be sufficient to cause 
trouble with switchboard current-transformers, except 
perhaps at very low currents, but with precision current- 
transformers, owing to their high ampere-turns, the 
results may be serious. 

Sub-permanent errors have even been introduced in a 
current transformer by measuring the resistance of its 
secondary by means of a Wheatstone bridge. This 
may well be understood when it is remembered that 
with a 300-turns secondary, 0:1 ampere corresponds to 
30 ampere-turns, which is quite enough to produce a 
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flux density of 5 000 gauss in a jointless ring, compared 
with a normal value of perhaps 500 gauss. 

Should a current transformer have been accidentally 
over-magnetized, it should be carefully de-magnetized 
before being further used. This may conveniently be 
done in either of the two following ways: Full-load 
current may be passed through the primary, whilst a 
high resistance, connected across the secondary, is 
gradually reduced to zero, or, alternatively, the primary 
may be left open, a current of about 0: 5 ampere being 
passed through the secondary from an alternator, 
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which is then allowed to slow down, thus gradually 
reducing the current to zero. 

The United States specification lays down that a 
current transformer shall be capable of carrying its 
rated primary current continuously with the secondary 
on open circuit, without overheating or interruption of 
service. All current transformers worthy of the name 
will comply with this requirement, but, for the reasons 
given, it must be considered bad practice to apply 
such a test owing to the permanent effect which it is 
likely to have on the accuracy of the transformer. 
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Dr. C. V. Drysdale: I am inclined to agree with 
the authors’ predictions concerning the survival of 
different types of instruments, and would only add to 
those which I think will become defunct the hot-wire 
expansion instrument. Within the last few years we 
have seen the thermo-junction principle, which has been 
used very much in the laboratory for experimental 
work at high frequencies, introduced into practical 
instruments by the Weston Electrical- Instrument Co. 
and by Dr. Moll and Messrs. Kipp in Holland, and I 
must confess that, to me, it seems a much more practical 
solution of the hot-wire high-frequency instrument 
problem, because the device is merely a simple little 
hot-wire attachment to an ordinary d.c. millivoltmeter. 
If it is burned out it can be easily replaced. ‘The hot- 
wire expansion instrument must be worked rather near 
its limit, so that it is very easily destroyed by overload. 
Dr. Moll has gone even further; instead of using one 
simple thermo-junction he uses 50 of them, with the 
wire plaited between them— with the result that with 
a very small current he is able to get a quite useful 
deflection with a millivoltmeter, and he can get an 
overload capacity of tenfold without injury. He works 
with a temperature of only about 10? F., so that the 
margin for overload is tremendous. Further still, he 
has actually used two of these " thermo-convertors ” 
in connection with a single millivoltmeter on the prin- 
ciple of the hot-wire wattmeter, and has produced a 
wattmeter which he claims is satisfactory for high- 
frequency measurements and also for low-power-factor 
measurements. I see no reason to doubt that it is a 
satisfactory type of instrument. I think that the 
dynamometer voltmeter and wattmeter will endure for 
testing work. Induction indicating instruments, I 
think, have certainly had their day, though the induc- 
tion principle will probably remain as the standard for 
a.c. supply meters as the temperature etfects cancel 
out in this case. One very important point which the 
authors have brought out is the use of this new nickel- 
iron alloy which came to our notice a little time ago, 
and it appears to me that it will in time create a revolu- 
tion in almost all electromagnetic instruments. The 
extremely high value of permeability and the low 
hysteresis make it possible to use iron in many cases 
where it was impossible to do so before. The paper 
indicates the extremely valuable results which the 
authors have obtained with current transformers, and 
it is obvious that iron can be introduced to a much 


greater extent in dynamometer wattmeters. Another 
very valuable application will probably be in the 
shielding of instruments against stray fields. This has 
already been done in the case of galvanometers by 
Prof. Hill. He found that a very small shield round 
a galvanometer will reduce the internal field to 
about 1/1 000th part of the external field. One or two 
makers are now beginning to consider the use of Mumetal 
for the shielding of commercial instruments. I under- 
stand that they are having vicissitudes, and l think 
they will continue to do so, because it is a material 
which probably varies in quality to a certain extent, 
and it is certainly very difficult to deal with on account 
of its heat treatment and the risk of handling it after 
it is treated. However, I think that as the technique 
improves we shall find it is possible to shield instru- 
ments very satisfactorily by the use of it, and I hope 
to see it used universally. I agree with the authors as 
to the value of the soft-iron instrument. I see no 
reason why it should not be as accurate as any other 
type. The authors are to be congratulated upon the 
advance they have made in getting the very long scale, 
shown on the lantern slide, of about 20 to 1. The 
objection to the soft-iron instrument generally has been 
that it has a useful scale of only about 5 to 1 in the 
ordinary case. I myself managed to extend the scale 
in certain instruments to 15 to 1, but the authors have 
gone much further. An important general principle 
which applies to all electromagnetic instruments is that 
they may be reduced schematically to a coil of wire 
and a magnetic field. If the coil is carrying a current $, 
and has N linkages with the field, there is a certam 
electromagnetic potential energy +N in the instrument. 
If either the magnet or the coil moves there is a change 
of that energy and that change of energy must be 
equal to the energy of rotation against the torque, so 
that T = 49N[30. In the moving-iron type of instru- 
ment where the whole of the field is generated by the 
current itself we have N = IA, where L is the inductance 
of the coil; and the electromagnetic potential energy 
= jÓüL, from which T = 477)L/)0. Although that may 
be an academic way of looking at the subject, it is of 
very great value from several points of view. In the 
first place it shows the importance of what I call the 
electromagnetic efficiency of the instrument; that is 
to say, there is a certain useful change of inductance 
L — L which carries the needle across the scale. That 
we must have in order to produce the effect; but we 
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do not want any more inductance than is necessary to 
do that. In the bulk of moving-iron instruments which 
Mr. Jolley and I have examined, the useless inductance 
is from 20 to 100 times the useful inductance. The 
authors have shown that the efficiency of their instru- 
ment, (L — Lo)/L, is 30 per cent, and they have been 
able to produce an instrument which is capable of being 
shunted. That in itself is a valuable result. The 
second thing to remember is that this inductance method 
of looking upon the matter gives one a useful clue to 
design in order to get a suitable scale, because in any 
system containing a coil with a magnetic circuit the 
inductance is inversely proportional to the reluctance 
of the circuit; and although one cannot calculate this 
accurately, it is fairly easy to estimate more or less 
approximately what the reluctance of the circuit is for 
various positions of the movement, and so be able to 
shape the moving iron in order to get the right kind of 
scale. If it is desired to get a uniform scale with a 
soft-iron instrument it is only necessary to remember 
that the inductance should vary as the logarithm of the 
deflection. The soft-iron instrument is, however, not 
only a good a.c. instrument but it is a good d.c. instru- 
ment as well, if care is taken to avoid hysteresis error. 
An instrument of definite range with a series of current 
transformers gives all that is necessary for a.c. testing, 
but for general testing work I should like to see an 
instrument which could be used for everything, and 
the current transformer cannot be used on direct 
currents. For that reason I have examined the possi- 
bility of producing an instrument in which the range 
is varied by series-parallel connection of the elements 
of a strip-wound coil. I think that idea is worthy of 
the consideration of anyone who has done much general 
testing work, and I hope the authors will consider the 
possibility of making some practical form of instrument 
on those lines. 

Mr. F. H. Nalder: I do not agree with the state- 
ment that the long-scale instrument is going out of use. 
I do not like the instrument, but unfortunately it is 
necessary. We have recently made very great improve- 
ments in the induction instrument, and my assistant, 
Mr. Lipman, will later on give some figures showing 
how such instruments can be made really first-grade. 
In addition to the foregoing we have developed a new 
type of long-scale moving-iron instrument. Again, I 
do not altogether agree that a large angular deflection 
of the controlling springs is necessarily bad, although 
obviously a restricted angular deflection is better. All 
instrument makers have to make instruments with 
suppressed scales. That means that a scale showing 
90° and two-thirds suppressed gives the equivalent of 
a deflection of 270°; and we must make such scales 
whether we like it or not. .J notice that the precision 
instrument, on which the alithors have been working, 
is naturally of the Uppenborn design, which has very 
low self-induction. Formerly it had a somewhat 
indifferent scale, which the authors and others have 
improved. There is one point in connection with the 
narrow-gapped coil instrument, namely, that extreme 
care has to be taken to see that the coil will not deform, 
as the slightest deformation will lead to disastrous 
results. We ourselves have come across cases where 


the coil was not properly cemented together, that is, 
impregnated and baked into a solid mass. The result 
was that the readings changed unaccountably until the 
cause of the trouble was discovered and remedied, and 
if attention is paid to that point an excellent instrument 
is obtained which is practically unaffected by frequency 
and can be used for direct current or alternating current 
at wil. With regard to the relay recorder, a good 
many years ago Mr. John Van Vleck, then engineer of 
the New York Edison Co., suggested to me the making 
of a very large-scale voltmeter. He wanted something 
he could see everywhere, and his suggestion was to use 
a relay voltmeter, which I designed with him practically 
on the lines of the one which the authors have brought 
into successful use. With that method the dial can be 
made as large as desired, and at the same time a recorder 
can be made which will have rectangular co-ordinates. 
Unfortunately at that time it was not so easy to devise 
a relay which would work satisfactorily, my partners 
lost heart and the matter was dropped. It was about 
that time that the Callendar instrument (which works 
similarly) appeared, and that was a successful propo- 
sition. Incidentally, Mr. Van Vleck was the original 
inventor and patentee with the Weston Co. of the 
“ Edgewise ” instrument. 

Prof. J. T. MacGregor-Morris: With regard to 
graphic meters, the authors state that in the relay 
meter the motor runs continuously. It is desirable 
that these recorders should record how long the supply 
is off as well as what fluctuations occur while it is on. 
Apparently this meter would simply stop and then 
only start up when the supply came on again. Some 
mechanism appears to be necessary to make it tide 
over a time like that, as in a clock when being wound, 
but spread over a much longer time. I am in agreement 
with the list on page 554 as it stands, but I notice that 
the radio-frequency voltmeter is not mentioned. It is 
possible that the authors imply that it will be an electro- 
static instrument, but they do not say so specifically. 
With regard to the neon-tube method of measuring peak 
voltages mentioned on page 565, a number of investi- 
gators are working on that problem at the present time, 
and I notice that it is mentioned that a headphone can 
be used in this circuit. I do not think that many of 
us would like to place our heads so that our ears are 
actually touching a telephone which is in the high- 
tension circuit, even though on the earthed side. I 
am fairly confident, however, that this type of instru- 
ment will be developed into one of greater precision 
than it is now. The authors mention the leakage over 
the series condensers as being very important, and, as 
far as my own experience goes, that leakage presents 
the greatest difficulty in this type. With regard to 
the question of scales, I should like to put forward a 
plea for the logarithmic scale. As, however, the zero 
of such an instrument must be at infinity, the scale 
must be a compromise between a logarithmic one for 
the higher parts and a square-law one at the bottom ; 
but that is the type of scale which, for general purposes 
in the laboratory, is really the most useful. It is very 
difficult to convince instrument makers that that is so, 
and it is also difficult to convince the customer. The 
authors have devised a precision voltmeter and ammeter 


588 


EDGCUMBE AND OCKENDEN: SOME]RECENT ADVANCES IN 


in which the errors due to working on direct current 
and on alternating current are said to be less than 
1/10th of 1 per cent. That is a very great achievement. 
The point which is made about the overload capacity 
of these instruments is a valuable one. The authors 
give the overloads on hot-wire instruments as 2, of the 
moving-coil instruments as 10, and of the moving-iron 
instruments as 50. That is a natural consequence of 
the logarithmic scale, because the force does not increase 
just in direct proportion to the current. In the develop- 
ment of this moving-iron instrument have the authors 
experienced any difficulty in obtaining the proper kind 
of iron or steel of which to make the discs? In my 
laboratory Mr. Mumford has been making experiments 
on rotating hysteresis in discs at very low frequencies, 
and in two or three cases we have apparently obtained 
evidence that the flux goes forward in the disc in jerks. 
If this is due, as I think it is, to the grain of the iron, 
then it is quite possible that it may not occur if a suit- 
able material is chosen for the instrument, but it might 
be a limiting factor to the possible accuracy of this type 
of instrument. 

Mr. A. F. Harris: The authors appear to favour 
the use of series condensers with the electrostatic volt- 
meter. My company carried out a great many experi- 
ments years ago with the object of extending the range 
of the electrostatic voltmeter, and we found that the 
potentiometer arrangement with condensers was pre- 
ferable. We found that the only particular precaution 
which had to be taken was to see that the shunted 
capacity should be at least 100 times the capacity of 
the electrostatic voltmeter. The authors have already 
stated the difficulty of protecting electrostatic voltmeters 
with fuses. We have found that, by protecting the 
moving parts by a suitable spark-gap which was set 
considerably lower than the flash-over voltage, we 
could get an instrument in which, when subjected to 
a heavy rise in pressure, a flash-over took place between 
the spark-gap and blew the fuses, and left the working 
part of the instrument in perfect working order. The 
fuses consisted of a very fine wire held in tension by 
a spring fitted into glass tubes, which are very easily 
replaceable. The authors also point out the possibility 
of putting high resistances in series to protect the 
electrostatic instrument. It is well known that 4 or 5 
megohms can be put in series without impairing the 
reading at all. Some years ago Messrs. Ferranti, Ltd., 
introduced a water resistance mounted in a porcelain 
tube to protect these instruments. These were open to 
the objection that if a short-circuit occurred in the 
working parts of the instrument, the water suddenly 
boiled up and was ejected from the porcelain container, 
which was a serious disadvantage. How do the authors 
measure the voltages in the particular type of instru- 
ment shown on page 565 ? It would be very instructive 
to know how voltages of 100 000 or more can be measured 
within any reasonable degree of accuracy. 

Mr. S. T. Short: I have always regarded the induc- 
tion-type instrument with which a 300? deflection is 
obtained as a very useful piece of apparatus, and I am 
sorry to see that in the opinion of the authors this is 
going to be supplanted by the 120°-scale moving-iron 
instrument. They state as regards the induction 


instrument that, quoting Mr. Evershed, the errors afe 
magnified rather faster than the readings. I should like 
them to amplify that statement and say why this 
particular criticism is levelled at the induction instru- 
ment. It cannot be merely the question of the stress 
in the material of the spring, since in the case of the 
120? instrument (which is so much to the fore at the 
moment) if we consider 50 per cent suppression, then it 
does actually result in a scale length of 240?, which 
represents 80 per cent of the 300? scale deflection of 
the induction instrument. I should like to ask if there 
is some angle of deflection which, if exceeded, introduces 
some definite error. The moving-iron instrument seems 
to have received much attention from the authors. It 
is very interesting to note the increase of torque which 
results from the dishing-up of the edges of the iron. 
I should like to see this investigation carried a little 
further, and the iron, instead of being a flat disc, made 
in the form of a cup where the maximum area of iron 
is present, in which case the reluctance of the magnetic 
path would, in my opinion, be very largely decreased. 
As regards the graphic meter due to Mr. Everett, I 
should like to know whether in the authors' opinion this 
is likely to supersede the present graphic meters. Since 
they state that it is rapidly responsive to changes in 
the quantities measured, what is the actual time taken 
for the pen to move the full scale width ? As regards 
the moving-iron instrument with shunts, it is a little 
difficult for me to appreciate the statement contained 
in the paper. Where there is on the one hand an 
inductive circuit such as that of the coil of the ammeter, 
for example, and on the other hand a practically non- 
inductive shunt, how is it that at all frequencies up to 
1000 cycles per second the ratio of the impedance of 
those two parallel circuits can be maintained so as to 
cause an inappreciable error in the reading ? 

Mr. R. W. Paul: I regret that the authors do not 
give fuller details of their soft-iron instruments, nor 
show them, not following the example of Sir William 
Thomson in 1888. Instrument makers would like to 
be enlightened on the details of the damping device, 
and how it is disposed so as to avoid eddy currents and 
their accompanying errors. I suggest that it would 
be of advantage if the authors were to add a detailed 
drawing to the diagrammatic illustration. It does not 
appear possible to extend the range of an instrument, 
of the type referred to, with the same facility as exists 
in the case of a moving-coil instrument; a portable 
moving-coil outfit may easily be made to give a maximum 
reading 10 million times the minimum reading. The 
use of series-parallel commutators gives a very limited 
choice of ranges in comparison; I think Ayrton and 
Perry were the first to put such commutators into 
industrial instruments, ang, soon found that they were 
dificult to keep in order"under workshop conditions. 
Condenser multipliers, for increasing the range of 
electrostatic voltmeters, were made to the design of 
Dr. Marchant many years ago, with ratios such as 
1:40 and pressures up to 10000 volts; their use did 
not become general but, since the art of making con- 
densers has advanced greatly, we may hope for better 
accuracy and permanence than was then attained. 

Mr. C. L. Lipman: On page 554 the authors say 
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that the development of the control room has led to 
the adoption of the 5 in., 4 in. and even smaller sizes 
of round instruments. As a matter of fact the modern 
tendency is to employ instruments which are assembled 
in rectangular cases if economy of space is of importance. 
For example, a given control panel consisting of, say, 
three ammeters, a power factor meter and a wattmeter 
wil be of minimum dimensions if it is fitted with 
rectangular instruments. The proportions are as fol- 
lows:—If five 8-in. dial instruments occupy, say, 
100 per cent (= Z), then five 4-in. dial instruments 
occupy 29 per cent (= Y), and the combined rectangular 
instruments will occupy 19 per cent (= X), i.e. Y = 1:5X 
and Z = 6X. The authors state that the development 
of the 120°-scale moving-iron instrument has largely 
contributed to the elimination of the induction-type 
instrument. It would appear, therefore, that they have 
tried but have failed to improve the induction-type 
instrument and are now giving it up. As a matter 
of fact the induction-type instrument is now passing 
into a new phase of development and, as I shall show, 
it is capable of possessing an inherent accuracy which 
is higher than “first grade" within the meaning of 
the B.E.S.A. Specification, the only limitation of course 
being that it is suitable for a.c. circuits only. A lantern 
slide which I shall now show gives the results of pre- 
liminary temperature tests on a new form of induction 
ammeter which we are now developing. It will be seen 
that the maximum self-heating error is only 0:6 per 
cent of the indication and that the resistance tempera- 
ture-coefficient is equal to 0-05 per cent per 1 deg. C. 
The next slide gives results of frequency tests on the same 
instrument. The reading is practically constant between 
40 and 60 cycles, the error at 40 cycles being only 0-15 
per cent. In addition to this remarkable performance 
the new induction-type instrument possesses operating 
forces several times those of the moving-iron or dyna- 
mometer types and can be designed to consume less 
volt-amperes for a given torque. I am not at present 
in a position to disclose any details of construction, 
but full particulars will be published as soon as possible. 
In view of what I have said I hope that the authors 
will revise their prophetic table given on page 554 so 
as to include induction-type ammeters and wattmeters 
as alternatives to the moving-iron or the electro-dynamic 
types for a.c. measurements, particularly for switch- 
board use. The next slide shows at a glance the 
superiority of the 300° scale instrument over any other 
length of scale. What Mr. Evershed said 20 years ago is 
not quite correct to-day. Turning now to the question 
of instrument transformers, it is obvious that better 
magnetic materials considerably improve the perform- 
ance of the transformer, and where precision is 
required the extra cost involved in using nickel-iron 
cores is justified. The credit for this development is 
naturally due to the metallurgist and not to the trans- 
former designer. On pages 577 and 578 the authors 
deal with bushing-type current transformers, and here 
again they appear to be behind the times with their 
conclusions. It would appear that they have shifted 
the problem of straight-through metering on extra-high- 
tension systems from the shoulders of the instrument 
designer to the shoulders of the metallurgist for solution. 


The authors’ conclusions do not solve the problem. 
Some time ago we considered the problem of straight- 
through metering on extra-high-tension systems with 
primary currents as low as 10 amperes, and we con- 
cluded our investigations with the development of a 
new special series of low volt-ampere consumption 
instruments, including ammeters, wattmeters, power 
factor meters and protective relays, the current windings 
of which were made suitable for a secondary current 
of 0-5 ampere instead of the usual 6 amperes. The 
advantages arising from 0:5 ampere as full-load secondary 
current instead of § amperes are manifold. The 0:5 
ampere metering improves the performance of the 
bushing transformer, it reduces the secondary burden, 
it reduces the losses in the long run of connecting leads, 
it enables accurate measurements to be carried out in 
the usual manner on extra-high-tension systems, and 
it has led to the development of a new and improved 
series of instruments requiring very low power con- 
sumption and giving exceptionally high working forces. 
With regard to the question of the ''pivot factor," 
this serves a useful purpose as it reminds the designer 
of measuring instruments that for a given torque the 
mass of the moving system should be a minimum. I 
should like to suggest an additional factor which might 
be termed “ efficiency factor’’ and expressed as the 
ratio of T/VA, where T is the torque in gramme- 
centimetres for full-scale deflection and VA is the total 
volt-ampere consumption of the instrument windings 
for maximum deflection. I should like to know whether 
the authors consider it desirable to adopt such a factor 
and, if so, what minimum value they would recommend 
for the efficiency factor. 

Mr. W. Phillips: In connection with the use of 
Mumetal for instruments and current transformers, I 
presume the authors were referring to their new moving- 
iron instrument. They describe a disc-type movement, 
I also have used this movement and have obtained the 
same results as those given in the paper. I have also 
employed the bobbing type—the repulsion-pattern 
moving-iron instrument—and, taking the ordinary 
range of ammeter, the periodicity variation up to 500 
cycles per second was imperceptible and the hysteresis 
variation up and down the scale on direct current was 
considerably under } of 1 per cent of the maximum 
scale reading. I can fully endorse all the authors say 
in regard to the current transformer. The results on 
a batch of current transformers recently tested gave 
a ratio error of less than 0-1 per cent with 7$ VA second- 
ary burden at a periodicity of 50 cycles. The great 
advantage of employing Mumetal for current trans- 
formers is that the curves are so flat, and that there is 
a very small variation in the amount of error from full 
load to a lower load. With regard to the use of Mumetal 
for shielding industrial and commercial instruments, I 
think that wants to be dealt with rather cautiously. 
It is quite possible, unless the material is handled 
properly, to get far worse results with ‘a Mumetal shield 
than without any shield at all. The metal is extremely 
susceptible to heat treatment, and it must be heat- 
treated after the last mechanical operation. What is 
the voltage-drop of shunts for the moving-iron men- 
tioned by the authors likely to be? Shunts have been 
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used with moving-iron instruments for some time, and 
good results can be obtained both on direct current and 
alternating current. The limiting factor is the fall of 
potential on the shunt. It is quite possible, in spite 
of what has been said, to get a shunted moving-iron 
instrument free from periodicity within reasonable 
limits. Small synchronous motors for graphic recorders 
are already in use in this country. The Elliott graphic 
maximum-demand indicators, which are being supplied 
for the London Power Co.’s system, are employing that 
method of driving the charts. 

Dr. W. H. Eccles: I should like to remark upon 
the fact to which the authors called attention at the 
beginning of their paper, viz. that very few papers on 
instruments have bcen presented to the Institution 
during the last 20 years. It seems to be part of a 
national neglect of the subject. Perhaps we have been 
too busy with other things to pay to this subject the 
attention which it really deserves. It is all the more 
strange when one considers what immense changes 
have taken place in 30 years. We have gone from tens 
of amperes to thousands of amperes, from a few hundred 
volts to hundreds of thousands of volts, and from 
frequencies of 50 or 100 to frequencies of 50 millions of 
cycles per second, during these years. I hope the tide 
is turning. The introduction of new material, such as 
Permalloy and Mumetal, will help to bring new develop- 
ments into instruments, even though few new principles 
have been introduced. If one looks at the authors’ 
forecast of the things which are going to survive in 
respect of industrial instrument-making, one finds that 
the physical principles there employed are the old, 
familiar principles well known for 50 or more years. 
The new instruments are just adaptations or com- 
binations of those principles. Perhaps the only new 
principles available are those of thermionic emission— 
the Edison effect—and the principle of controlling that 
emission by means of a third clectrode in a threc- 
electrode thermionic tube. These have not been intro- 
duced into the paper for the reason that they are not 
yet industrial, I imagine. However, with such new 
principles, and with these new materials, I look forward 
to a considerable extension of the interests of the 
Institution and of the nation in electrical instruments. 

Mr. E. H. W. Banner (communicated) : I am par- 
ticularly interested in the precision moving-iron instru- 
ment described in detail. All the moving-iron ammetcrs 
and voltmeters made by the authors' firn that I have 
examined I have found to be of the repulsion or double- 
iron type. This instrument is of the attraction tvpe, 
and appears to me to be almost identical, judging by 
the information and diagram in the paper, with instru- 
ments made by other firms for a number of years. I 
could not see how the improved scale was obtained, 
until I heard in the reply to the discussion that the 
moving-iron is of Mumetal. This appears to account 
for the low consumption, low hysteresis and eddy- 
current losses and, apparently, for the long range of 
the scale. Some short time ago I designed an experi- 
mental moving-iron instrument of the repulsion type, 
using Mumetal. This instrument is not yet completed 
but at present shows a somewhat similar shape of 
scale. This seems to support the idea that the scale 


range of 20:1 of the authors’ instrument is the 
result of the use of Mumetal, and that if the 
repulsion type were tried it would be found to have 
an even greater range of scale than that obtained. 
It would, however, almost certainly reduce the “ electro- 
magnetic efficiency," owing to the larger coil necessary 
and the fact that one iron only is movable and so con- 
tributes to change of inductance. For the measurement 
of alternating currents and voltages in a low-power source 
I believe that some laboratories use vacuo-thermo- 
junctions in conjunction with a reflecting moving-coil 
galvanometer. Do the authors consider this will be re- 
placed entirely by the moving-iron instrument for this 
class of work? Table 1, if considered apart from the 
section on '' Measurement of Rectified Current," may 
give a misleading impression, the particular moving-iron 
ammeter being shown to be correct on direct current and 
nearly correct on the wave-form designate '' commutated 
alternating current" or more commonly “ full-wave 
rectihcation." What are the ampcre-turns on the 
instruments referred to in Table 4? The watt con- 
sumption is reduced from the usual 1 to 3 watts to 
Q-5; is it correct to say that the ampere-turns are 
reduced as the square root of this ratio? What is the 
voltage-drop across the working coil of the voltmeter, 
and is the watt consumption of the coil still 0:5? 
With this lower consumption the present usual minimum 
full-scale values of 10 volts and 1 ampere respectively 
could be reduced to something like 2 volts and 0-25 
ampere, without excessive current for the voltmeter 
or voltage-drop for the ammeter. These ranges should 
be most useful for laboratory work. For measuring 
peak voltages is the neon-lamp method superior to the 
thermionic rectifier ? 

Mr. C. W. Marshall (communicated): ‘The paper 
provides a very useful summary of the progress which 
has been made in a.c. measuring instruments of the 
indicating and recording types. Literature on the sub- 
ject 1s very scarce and only very few British textbooks 
are available, and these necessarily become obsolete. 
In their general treatment of the requirements which 
instruments must fulfil, British instrument makers have 
been quite successful and some of the work done bv 
individual manufacturers in producing tvpes giving 
very bold indications will be greatly appreciated by 
power engineers. I single out for special mention the 
latest CO, indicators produced by the Cambridge 
Instrument Co., in which the reading of the instrument 
and the direction in which changes are taking place are 
shown in very bold relief by the use of illuminated 
pointers and dial figures with two colours—one for 
ascending values and the other for descending values. 
It is satisfactory to note that the number of types of 
instruments is being reduced, but I feel that improve- 
ments could also be made, in power station practice at 
any rate, by reducing the numbers of instruments to 
a minimum and to have these of the best possible 
quality. Regarding induction-type indicators, I quite 
agree that these should be entirely eliminated. The 
long scale gives them an attractive appearance, but 
the high accuracy of observation attained thereby is 
more than counteracted by the inherent weaknesses 
of the induction system. The scales illustrated for 
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ammeters and voltmeters are of the standard B.E.S.A. 
type, but I wish to register my opinion that it is better 
not to have circumferential lines, particularly on pre- 
cision instruments. Further, in precision instrument 
scales such as the one illustrated in Fig. 5, there should 
be no markings below the 20 per cent division. The 
weaknesses of insulation tests are now being recognized, 
and it is to be hoped that power loss measurements of 
a practical nature will soon be available. The precision 
type of ammeter and current transformer which has 
been developed is of great interest and value, but it is 
rather astonishing to see the use of shunts for a.c. 
instruments being revived, in view of the immense 
amount of trouble they have caused in the past. The 
use of series condensers in conjunction with electro- 
static voltmeters is of interest, and I may mention 
that the system was employed by Messrs. Kelvin and 
White at Pinkston power station over 20 years ago. 
At that time the results were very unsatisfactory, owing 
to the readings of the voltmeter being much too 
dependent on atmospheric conditions. For the past 
10 years we have used in the laboratory of the Glasgow 
Corporation Electricity Department portable electro- 
static voltmeters provided with compound-filled series 
condensers and these have proved very convenient. 
The section of the paper relating to graphic meters is 
rather disappointing as I believe that the development 
of graphic meters is of paramount importance to the 
electrical supply industry. The use of high-grade 
recorders for giving the total load of power stations 
would provide far better records than can be obtained 
by the use of indicating instruments, and control-room 
engineers could be employed much more usefully than 
is the case at present in most power stations. The matter 
of obtaining records under short-circuit conditions is not 
touched upon at all in the paper and this I consider to 
be particularly unfortunate because I believe it to be 
essential to provide such devices in all large stations 
so as to get information regarding the actual stresses 
imposed upon circuit breakers. Multiple-element meters 
and short-circuit recorders have been fairly thoroughly 
developed by the General Electric Co. of America. I 
cannot understand the authors’ statement regarding 
the parallel running of systems (par. 3, page 570). 
There are surely conditions under which it would be 
impossible to parallel two systems if they were run at 
exactly the same frequency, as it 1s obviously necessary 
to alter (however slightly) the speed of one system so 
as to bring the voltages into phase. The use of the 
Warren synchronous motor for measuring short time 
intervals promises to be of great practical value. The 
section dealing with current transformers is very useful 
and it appears that there is no longer any necessity for 
two-stage current transformers of the Brooks type, 
in view of the excellent characteristics of the normal 
type of transformer with nickel-iron core. The method 
of measuring current transformer and potential trans- 
former phase angles recommended by the authors for 
workshop purposes is really capable of being applied 
to measurements of greater importance. If the core- 
loss and magnetizing-current curves of the transformer 
are carefully drawn they provide a means of obtaining 
the phase angle at any load with a very high degree of 
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accuracy. The apparatus necessary for making the 
measurements is also much cheaper and more con- 
venient than any of the existing outfits at present on 
the market where the phase angle is measured by 
reference to standard current transformers or shunts. 
Regarding the protection of voltage transformers, the use 
of series resistances is fully dealt with, but no mention 
is made of the possibilities of using the condenser effect 
of bushing insulators instead of resistances. This, I 
believe, is a much better solution, but I should be glad 
to have the authors’ views on the matter. The note 
on the capacity of instruments and their accessories to 
withstand overload might have been extended with 
some benefit, and I think credit should have been 
given to Mr. Wedmore who, I believe, dealt with the 
matter of thermal and mechanical stresses in a really 
practical way for the first time in a paper on “ Auto- 
matic Protective Switchgear.” * In this connection it 
is of interest to note that it is still quite common for 
firms of high standing to use current transformers of 
such low primary (current-carrying) capacity that they 
must inevitably act as fuses in the event of even quite 
minor short-circuits. The concluding sentence of the 
paper would appear to be obvious, but within the last 
few years I have had several cases of insulation failures 
of current transformer secondaries with transformers 
made by a firm of high standing which repudiated respon- 
sibility for the trouble on the ground that the secondaries 
had been open-circuited. 

Mr. G. W. Stubbings (communicated) : I am parti- 
cularly interested in that portion of the paper dealing 
with current transformers, as the errors of these trans- 
formers have hitherto constituted the most serious 
limitation in the accurate measurement of electrical 
energy in a.c. circuits. The use of nickel-iron alloys 
for precision current transformers appears to be most 
promising, and it would seem that it is now possible 
to obtain a sub-standard metering equipment for high- 
power a.c. circuits, having a high degree of accuracy 
over a considerable range of load and power factor. 
Although the errors of instrument transformers may 
be reduced to within very small limits, it is always 
necessary to know the magnitude of these errors with 
a fair degree of accuracy, and it therefore seems to me 
that it is essential to check periodically the character- 
istics of precision current transformers, to ensure that 
the errors have not been increased by accidental open- 
circuits in the secondary circuit, or by other causes. 
In this connection I should like to refer to the approxi- 
mate method of phase-error determination described 
in the paper, and to point out that, in certain circum- 
stances, it is possible to elaborate this method into a 
very convenient test for both ratio and phase errors. 
If a current transformer, without turns compensation, 
has its secondary winding connected in parallel with 
an impedance equivalent to the total internal and 
external burden with which it normally works, and the 
combination be connected in a circuit in which the 
current can be varied up to the full rated secondary 
value, the ratio and phase errors of the transformer 
can be determined by measuring the in-phase and 
quadrature components of the current in the secondary 
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winding. This test can be carried out very readily 
and quite rapidly in any test-room in which a low 
power-factor wattmeter and some phase-shifting device 
are available. It 1s, however, rarely applicable to the 
determination of ratio error, as the turns ratio of 
current transformers is usually different from the 
nominal ratio. I should like to suggest that if the full 
number of turns were provided in precision current 
transformers, and an auxiliary terminal were provided 
to give access to the secondary winding having the 
nominal turns ratio, then, by passing the testing current 
through the whole winding, and by shunting the smaller 
number of turns by the appropriate impedance, the 
test to which I have referred would give the actual 
errors of the transformer as modified by turns com- 
pensation. A still better method of providing for the 
easy determination of ratio and phase errors would be 
by means of a 5-ampere primary winding. In this case 
it would not be necessary to know the secondary 
impedance, and the usual method of superimposing 
the primary and secondary circuits, and measuring the 
in-phase and quadrature components of the difference 
current, would be very convenient. I regret that the 
authors have not adopted a suggestion lately put forward 
from more than one quarter, that the phase errors of 
instrument transformers should be specified in per- 
centages of a radian. This method is so convenient 
for the calculation of wattmeter errors that it is difficult 
to understand why the sexagesimal angular specification 
is perpetuated. The use of synchronous timing devices 
for relay testing has, I think, found little application 
so far in this country, and the account of the use of the 
Warren timing motor for this purpose is very interesting. 
I have for some time used a home-made arrangement 
of a shaded-pole potential excited motor, which is 
switched on simultaneously with the relay testing 
current, and stopped by the auxiliary switch on the 
oil circuit-breaker which controls the red signal lamp 
on the control panel. The use of the relay contacts 
to stop the timing hand of the testing motor will con- 
stitute a severe test of the condition of these contacts, 
and it seems to me that an arrangement such as I have 
referred to, in which the timing device is stopped by 
the operation of the oil circuit-breaker, is preferable. 
Mr. A. Vines (communicated) : The authors refer on 
page 554 to the importance of avoiding the use of 
aluminium, and more especially of zinc, in die castings 
for instrument parts, and prefer to use a white metal, 
presumably lead-tin or antimony. I should like to 
point out that such white-metal alloys are very heavy 
and therefore unsuitable for portable instruments ; 
and they have very low tensile strength. On the other 
hand certain aluminium alloys have very high tensile 
strength, are very light and, in my opinion, very suit- 
able for instrument parts when produced either as sand 
or die castings. The bogy of distortion arose from the 
trouble experienced in the early days when the art of 
producing stable compounds was not understood. These 
alloys are now used with excellent results, not only in 
instrument making but in many other trades where 
freedom from distortion is essential. On page 569 in 
referring to rectangular co-ordinates for recording 
instruments the authors suggest that the only advantage 
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of straight time lines is the ease of planimetering. The 
great advantage of rectangular co-ordinates is, of 
course, the ease with which the time indicated by a 
given record can be grasped; and this is greatly 
emphasized when a number of records are taken simul- 
taneously on the same chart, since they all lie in a 
straight line. The use of levers and slides as adopted 
by some Continental makers is unnecessary if the move- 
ments are properly designed and move the pen at right 
angles to the direction of movement of the chart. Such 
a movement was introduced by Mr. T. J. Murday in 
1902 and has been manufactured in this country ever 
since. 

Mr. K. Sreenivasan (communicated): The authors 
have done well in showing the possibilities of moving- 
iron instruments for accurate measurement of voltage 
and current whether alternating or direct. The scale 
of the precision instrument shown in Fig. 5 is remark- 
able for the degree of evenness of the divisions. It is 
certainly an improvement upon the best alternating 
instrument scale that I have seen. I fail to understand 
clearly why the closing up of the scale divisions towards 
the upper end is desirable. I should have thought that 
evenness of the scale or a slight openness is to be pre- 
ferred. It is a little difficult to agree with the authors 
when they say early in the paper that, for the measure- 
ment of radio-frequency current, thermo-couple or 
thermo-expansion (hot-wire) instruments will be used 
in the near future. Already, as in the case of Rugby 
given by the authors, the current-transformer principle 
is increasingly used for the measurement of both small 
and large radio-frequency currents (above 30 kilocycles 
per second). It seems more probable that for extremely 
small high-frequency voltages and currents, the current 
transformer with a thermo-junction and galvanometer 
will be used. For currents from about 0-5 ampere to 
5 amperes the hot-wire ammeter is convenient; while 
for currents larger than 10 amperes the transformer is 
the only solution. While the authors have given an 
excellent summary of the defects of thermal ammeters 
of the multi-range shunt type, the paper contains very 
little information about the measurement of large radio- 
frequency currents, using a current transformer with 
Moller and Schrader in Germany, and 
Dye in England, have studied fairly exhaustively the 
use of iron-core transformers for the production of very 
small voltages and currents and the precautions to be 
taken to secure accurate results. The measurement 
of large currents at high frequencies, however, has not 
been given the importance that it deserves, in view of 
its increasing utility for measuring aerial currents in 
radio stations. Further, considering that the applica- 
tion of short waves for long-distance communication 
is attracting considerable attention in many countries, 
it would be interesting to see how far the principle of 
the transformer is applicable for such high frequencies. 
Theoretically, accuracy increases with increasing fre- 
quency; but working at 100 m and below brings in 
practical difficulties of no small magnitude. Flux 
density in the core, effect of wave-shape on the trans- 
formation ratio, errors due to the inductance of the 
secondary, and the secondary inter-turn capacity are 
matters of which not much is known. I have nowhere 
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seen any information regarding “ step up ” current trans- 
formers for measurement purposes. Such instruments 
find great use in the radio laboratory for testing and 
calibrating ammeters, reading up to 100 or 150 amperes, 
and other general purposes. Unless one uses an 
expensive Poulsen arc of fairly large power, the step-up 
current transformer is the only alternative. In such 
a case we have a large number of primary turns and a 
smaller number of secondary turns. The former carries 
a small current, while the secondary has a big current 
in its circuit. A secondary like this has low resistance 
and inductance; but the ratio L/R is not very high. 
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The conditions controlling accuracy are therefore not 
necessarily the same as in the step-down instrument. 
A difficulty which, I fear, is not easily overcome is the 
calibration of a current transformer for large currents. 
Could the authors indicate some satisfactory method 
for carrying out the calibration under normal working 
conditions ? Unless one knows that the apparatus can 
be relied upon as a precision instrument, it is as well 
to have some method of checking its accuracy. 


(The authors’ reply to this discussion will be found 
on page 596.} | 
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Mr, E. Fawssett: I am in almost complete agree- 
ment with the authors and consequently have no serious 
criticisms to offer. The hot-wire expansion instrument 
is already obsolete, as is also any existing pattern of the 
induction indicating type, both having very serious 
faults. I foresee an enormous improvement in all 
instruments and apparatus, such as current trans- 
formers, employing iron for its magnetic properties, 
when the nickel-iron alloy is generally available and not 
too expensive. On account of it, the B.E.S.A. Specifi- 
cation for instrument transformers, recently revised, 
is out of date, as regards the best performance required, 
before it is published. The authors might have referred 
to another, and, I think, better solution for control- 
room instruments, viz. the superposition of two small 
movements in one rectangular case. Two 6-in. instru- 
ments can thus be replaced by one measuring 
10in. x Sin. overall, with very little reduction in 
scale length or angle. I am not quite sure how to 
reconcile the authors' condemnation of aluminium 
allovs with the known fact of their extensive and suc- 
cessful adoption in other industries. I entirely agree 
as to zinc being totally unsuitable. The authors do 
well to stress the inherent difference in principle between 
indicating and integrating induction instruments which 
is responsible for the far less satisfactory performance 
of the former, the latter being a most surprisingly precise 
meter when carefully designed. I agree with their 
forecast of probable types, except as regards electro- 
Static voltmeters. In our experience and judgment 
these are best at quite moderate voltages, from 200 
volts to a few thousand volts, and I cannot imaginereally 
high-voltage ones being used other than in a test room 
and with elaborate precautions, as their use involves 
bringing the phases together ; moreover, most e.h.t. 
patterns are sensitive to slight draughts. A really 
good one for 100 volts is still wanted. Our experience 
of 300? instruments has been far from satisfactory, and 
I entirely agree with Mr. Evershed's dictum which the 
authors quote. It was recently said that the ideal 
scale shape for an instrument is logarithmic, but for 
many uses I entirely disagrce and I should like to see 
precision instruments not scaled at all below one-third 
scale so that they could not be used over that part 
where a minute zero error or inaccuracy in reading may 
make a serious percentage error. The upper part of 
the scale—in a moving-iron instrument—can be almost 


any shape according to requirements, but is usually 
best if designed approximately according to a linear 
law. The figures in Tables 6 and 7 seem too good to be 
possible, and I should like to know whether there is 
any possibility of the standard instruments employed 
on direct current and 200 or 500 cycles themselves being 
atvariance. Thedirty-plug results revealless divergence 
than I should expect. The section of the paper dealing 
with graphic meters is of great interest. The ironclad 
electro-dynamic type has given us great satisfaction and 
I regard it as the most promising type for a.c. use. I 
subscribe to the inadvisability of emploving an open 
ink trough. The ink-well fixed concentrically with the 
movement's axis, rather modestly referred to in the 
paper, is a most excellent solution of the many problems 
which confront the designer of a recording instrument, 
viz, the provision of an instrument capable of running 
many days on rapidly varying loads without any atten- 
tion at all. The authors’ remarks on standardized 
frequency are of great interest, but I am inclined to 
think that its advantages for the general public may 
be overestimated. It is certainly ideal for driving 
recorders and similar apparatus by means of a Warren 
synchronous self-starting motor, or an adaptation thereof, 
on sections of a system that have never to be made 
dead, but I do not see much field for it for driving the 
domestic clock, as one cannot postulate that small 
lighting networks will never be shut down either inten- 
tionally or accidentally, and unless the apparatus is 
completely automatic it will be useless. The ratio 
curves of current transformers are of great interest 
and are not exactly the shape one would expect. The 
section on short-time heavy overload temperature-rise 
is of great value, expecially that part dealing with 
current transformers under the two headings of break- 
away from proportionality and thermal damage. It 
is of interest to note that a low-tension ammeter itself 
capable of withstanding the shock and heating due to 
30 times full-load current would only experience half 
that current if connected to a current transformer such 
as that shown in Fig. 38, itself supplied with a 30 times 
overload. This is the explanation of one’s practical 
experience that a moving-iron ammeter on a current 
transformer most rarely suffers damage from the severest 
through fault. 

Mr. J. A. Harle: The characteristics of the moving- 
iron precision instruments given on page 661 are, when 
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compared with the limits of error laid down in B.S.S. 89, 
certainly very impressive. In connection with the 
measurement of high-voltage peak values, I note that 
the authors have put forward the neon-tube device 
which I think should be more satisfactory from an 
accuracy point of view than the thermionic rectifi- 
cation methods of measurement of a capacity current 
which have been developed in America and on the 
Continent. I also note that the authors have omitted 
to mention remote metering schemes developed both 
in this country and abroad, to transmit power indica- 
tions so that power station engineers can read the power 
at any remote point on the system many miles distant 
away from the control room. Such schemes as the 
Fawssett scheme, the Westinghouse impulse scheme, 
Westinghouse current-balance scheme, the Midworth 
method and other similar schemes are worthy of mention. 
In the case of instrument transformers (page 571) the 
authors are to be especially congratulated on the scope 
of the information regarding these important items of 
all high-voltage power schemes. I am extremely 
interested. in the improvement found, due to the 
annealing of the silicon steel after stamping, even though 
it was already annealed prior to this operation, and I 
should like to know the temperature at which this was 
done. ''Mumetal'' is apparently proving its value in 
precision metering transformers and also for straight- 
through bar-type transformers for low currents which 
are one of the recent developments arising out of the 
desire for metering on the very high-voltage schemes 
without the risk of breakdowns usually associated with 
wound-type transformers at such voltages. Have the 
authors had any evidence of “ ageing” or change of 
magnetic qualities of Mumetal after it has been annealed 
and built up into cores, especially with regard to any 
effects such as heating up to about 120? C. ? On page 574 
the authors deal with an approximate measurement of 
phase-angle error and give remarkable agreements in 
their examples of the accuracy found by this method 
and another method, as usually divergent values of 
several minutes are found when comparing results 
taken at the National Physical Laboratory with results 
of other independent methods. I should like to know 
the other method adopted in this case. Of the com- 
pensation methods given for reducing the phase error 
(page 575), I think that the two-stage transformer 
method is certainly the soundest one, although the 
“ bunching " of the primary and secondary windings 
has been effective in many cases where the ampere- 
turn limitations imposed by the customer, or space 
reasons, are too stringent for the iron available. The 
other compensation methods which can only give 
perfect compensation at one fixed load and power 
factor, while helpful in specific cases, do not solve the 
general problem. In the case of transformers for 33 kV 
and above, the bushing-type transformer mentioned by 
the authors should be used in all cases, as it can be 
embodied in the switchgear or transformer bushings 
and thus have an insulation security equal to that of 
the switch. Unfortunately, at very high voltages the 
current to be measured usually falls in proportion to 
the voltage on most schemes so that the problem of 
the designer of the bushing type is that as his current 


goes down, his length of magnetic path goes up for 
insulation reasons. I should like to know the rated 
voltage of the transformer the curves for which are 
given in Fig. 29, and also whether the core is of silicon 
steel or Mumetal. I agree with the authors (page 573) 
in advocating the use of a secondary current lower than 
b amperes, but I think that the value should be 4 ampere 
rather than 1 ampere. It is certain that the lengths of 
secondary lead will increase for the very high-voltage 
schemes, so that the use of -ampere metering will 
reduce the burden on the transformer and give a finer 
turns adjustment. The burden is very appreciably 
reduced when compared with the -ampere burden. 
For example, the pilot cable burden will be 1/100th for 
the same copper section. The secondary winding burden 
will be 1/10thif the same section of wire is used. The 
meters can also be designed to have an appreciably 
reduced burden when compared with 0-5-ampere 
instruments, and certain instruments which I have 
considered have relative burdens as follows :—Ammeter 
about 1/3rd burden of normal 5-ampere model, power 
factor indicator about 1/6th burden of normal 5-ampere 
model, wattmeter about 1/6th burden of normal 
5-ampcre model, and integrating watt-hour meter about 
1/7thof normal 5-ampere model. The authors’ method 
(page 578) of obtaining a fine turns adjustment by an 
auxiliary transformer is very interesting, but Ishould have 
thought it would have introduced greater errors than they 
find. With regard to the high-voltage wound-tvpe 
tiansformer shown on page 578, I agree with the authors 
that it might be necessary in certain cases but I think 
that for such schemes the bushing transformer should 
be used for economic reasons wherever possible as the 
scheme would, in practice, involve the use of two 
expensive condenser bushings for voltages of 33 kV 
and upwards. Further, a protective resistance should 
always be used with such a transformer in the 
manner mentioned on page 6579, to prevent break- 
down between turns. I thoroughly agree with the 
authors (page 582) that primary windings on current 
transformers should be sound both mechanically and 
thermally under short-circuit conditions. This means 
that the copper section should (1) have ample section 
for the normal current, and (2) have adequate section 
to carry the straight-through fault current of the system 
for a specified period. This, in view of the two- 
operation duty usually demanded for circuit breakers, 
infers that the transformers should stand up to the 
same duty. If the switchgear has no artificial time- 
lags this can be met by using a rating of 120 000 amperes 
per sq. in. for 4 second, and for normal switchgear 
with this value the transformer will be able to deal 
with the two consecutive operations at a l-minute 
interval. This rating assumes that the insulation is 
organic, such as paper or cloth, and allows for a 
temperature-rise of 120 deg. C. 

Mr. H. Parry: As far as my experience goes I cannot 
agree with the authors that instruments built on the 
moving-iron principle are as good as the best modern 
dynamometers for precision use on both alternating and 
direct current, but I think that moving-iron ammeters 
can be made quite as accurate as dynamometers for . 
sub-standard a.c. use, and this more particularly applies 
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to sizes larger than can be dealt with by dynamometers 
having the fixed and moving coils in simple series. 
For switchboard use the moving-iron ammeter is superior 
to all other types for alternating current, as it can be 
made capable of withstanding big overloads without 
damage to itself, but for large illuminated-dial volt- 
meters having considerable zero suppression the best 
instrument I know is a dynamometer type, and for 
indicating wattmeters the induction type is very little 
better than an indicator, as is practically admitted in 
the B.E.S.A. specifications. With the single iron of the 
flat disc type described by the authors, the natural 
angle of deflection is slightly less than 90°, and when 
working near the top of the scale I have often found 
very considerable vibration of the movement and conse- 
quent hammering of the pivots on the jewels. For 
switchboard use I prefer the double-iron rcpulsion tvpe, 
as I think their accuracy is less upset by slight dis- 
placements of the pointer relative to the iron. The 
results given in Table 4 are excellent, and instruments 
having these properties are quite suitable for sub- 
standard work. Do the authors find that the ratio of 
direct to alternating current is unity over the whole 
scale? Is the instrument shielded, and what effect 
has stray field? The results given in Table 6 on a 
shunted ammeter are better than I should expect, 
and I do not see why the temperature coefficient in 
the third column should be higher than in the second, 
unless the shunt has a large negative coefficient. The 
figure of 0-09 per cent is about what I should expect 
for both ranges, calculating from the figures given. 
The valucs given in Table 7 refer, I think, to only one 
plug, so using the authors' figures we have a possible 
error due to plugs of 0-86 per cent, and considering 
that the resistance of the instrument circuit is only 
0-02 ohm and that there are probably four joints (two 
for the shunt and two for the instrument), it is not 
unreasonable to expect a change of 0-8 per cent, or 
0-00016 ohm. I am not greatly in favour of long-scale 
instruments, as it is generally necessary to sacrifice 
some other characteristics to produce the long scale. 
Probably the best way to overcome the disadvantage 
of the short scale is to use a device similar to that of 
Messrs. Crompton, that is, draw the scale with the usual 
width of line as at present and above the cardinal 
points draw a thick liae which can be seen at a consider- 
able distance. With this arrangement it is possible to 
take accurate readings close to and approximate 
readings at a distance, which is about all that is possible 
with the long scale. The old device of making the 
plane of the scale level with the pointer tip, as in early 
Kelvin instruments, to avoid parallax in reading, 
would be an advantage on flat-dial switchboard instru- 
ments as it is sometimes necessary to read instruments 
at an angle. The section of the paper dealing with 
radio-frequency current transformers is very interesting 
and one would not have expected the current ratio to 
agree so closely with the turn ratio. I should expect 
a shunt or series resistance built in the same way as 
the primary of the current transformer to show a large 
shunting capacity effect at the high frequencies. 
Turning to the approximate method of phase measure- 
ment, I think that very few workshops would have a 


10-volt electrostatic voltmeter ; also the method appears 
to apply only when the coupling between primary and 
secondary is very close, which may not be the case 
with current transformers for high-voltage use. I 
think that the Silsbee method, used either deflectional 
or null, is about the best for routine work. The new 
iron alloys should be a great boon as it will be possible 
to build transformers with fewer primary turns and 
thereby minimize the risk of bursting turns in very bad 
faults. Current transformers with bad ratio character- 
istics are sometimes very useful. I have used 1:1 ratio 
transformers with recording ammeters for measuring 
the current to earth on transmission line circuits as 
protection for the recorder, and I have been able to get 
reasonable accuracy over the instrument range with a 
saturation secondary current of not more than four 
times the full-scale value of the recorder. This saves 
the instrument from damage, whereas the primary 
short-circuiting circuit breaker could not operate 
quickly enough to do so. It seems that designers of 
shunts rely very much on the copper connections 
carrying away the heat instead of radiating it from the 
shunt, the result being that the shunt gets overheated 
if the main connections get slightly bad: I have seen 
this occur several times. "With the larger sizes, about 
1000 amperes, the resistance between the potential 
points is more dependent on the making of the main 
connections than it should be. I have found a variation 
due to this latter cause as much as $ per cent on shunts 
by reputable makers; also, when makers use resistance 
material that has a large thermal e.m.f. as compared 
with brass or copper, they should fit compensated 
potential terminals as this e.m.f. on low-drop shunts 
is sometimes as much as 1 per cent of the rated shunt 
drop. One of the best type of joints I have seen was 
where fairly large bolts were used with a strong, hollow 
washer of large diameter each side of the plates—it is 
possible to get enough pressure to squeeze the plates 
into intimate contact. 

Mr. G. H. Bowden: The authors appear to favour 
the moving-iron type to the exclusion of induction 
instruments. Considering the paper only from the 
point of view of one who uses instruments, and those 
particularly of the switchboard type, I would take 
exception to the opinion that the 300? scaleis unnecessary, 
particularly in regard to the wattmeter and ammeter. 
In the course of operation the scale of an instrument to 
which constant refcrence is made becomes memorized, 
and when distance makes the actual reading not clearly 
discernible, or hurry in an emergency prevents high 
accuracy in instrument reading, then when scale ranges 
are uniform, and instruments are closely grouped as in 
a power station control room, the more clearly visualized 
pointer position becomes in such instances of great 
value. The 90° or 120° scales are subject to limitations 
in this respect. If Mr. Lipman’s comments at the 
London meeting regarding the developments of the 
accurate induction type refer also to wattmeters, other 
types of instruments are surely placed at a disadvantage. 
I take it that the problem of producing a moving-iron 
voltmeter without the disadvantages due to suppressing 
a large portion of the scale, such as would be required 
in a voltmeter used for regulating purposes with a 
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scale range limited to a small extent either side of the 
normal value, is not yet solved. I think that a depend- 
able instrument of large-scale length and narrow range 
would be a very useful instrument in the power station 
control room. In the calibration of instruments I 
believe that methods of various manufacturers differ. 
Some draw the instrument scale to correspond to pointer 
position, while others adjust the movement to correspond 
to scale readings. I should lke to know whether, in 
the case of moving-iron recording ammeters, this latter 
method introduces much difficulty with the use of 
standard charts. The relay graphic meter appears to 
be a very simple arrangement. Whether the timing of 
the chart compares favourably with the accuracy of a 
clock movement is, I suppose, yet to be proved by 
practical working. The errors in timing are cumulative, 
and with charts that have to run without attention for 
several days timing errors may become appreciable; 
these often escape immediate notice to allow of time 
corrections. This is of course obviated by employing 
the Warren synchronous motor for chart-driving. I 
suggest that a large proportion of the value of graphic 
meters is lost by lack of dependable synchronism between 
the times of recorders on one circuit or system. The 
authors state that there is little to choose between 
charts with curved or straight time lines, an opinion 
with which most will agree. Where accuracy is impor- 
tant on graphic meters having high-speed charts, does 
the force of friction tending to draw a short pen arm 
towards the centre of the chart result in appreciable 
error ? The paper does not deal with protective relays. 
The latest types of these are really an adaptation of 
indicating-instrument movements, but their particular 
considerations are of importance to the supply engineer 
and deserve more attention than is usually given to them. 
The accuracy of current transformers under fault 
conditions and loads that cause a break-away from 
their normal phase relations and ratios are more applic- 
able to the question I here put forward, than for the 
switchboard indicators alone, as the phenomena are 
of a transient nature. Though relays may be rather 


outside the scope of the paper, I think they might be 
dealt with in conjunction with the very interesting 
way other components of the circuit are considered. 
Their own accuracy, for example, is a measure of the 
manufacturers’ reputation, due regard being paid to 
type. This becomes of importance when discriminative 
action is required between relays of different make. 
For this reason the difference between settings may 
become increased. There appears to be no definite 
agreement that the accuracy of relays is a matter of 
importance ; robustness appears to be the all-important 
feature. I should like to hear an expression of views 
on this point. The use of the Warren synchronous 
motor for clock-driving has a great scope. The 
advantage of a uniform time throughout a city or 
district cannot be too highly stressed, even though at 
times all may depart by 20 or 30 seconds from Greenwich 
mean time. 

Mr. E. E. Sharp (communicated) : In connection with 
the use of the Warren synchronous motor for clock- 
driving, the authors point out the advantages of having 
correct time in the household, but it is as well to 
remember that unless the clocks are wired back on a 
separate circuit they are at the mercy of the sub-fuse 
on the circuit to which they are connected. The main 
point, however, to which I should like to draw attention 
is the authors' advocacy of Warren clocks for operating 
time switches. This is a point that I looked into years 
ago and have reviewed from time to time since, and I 
still adhere to the decision originally arrived at, namely 
that this application is not a practical one. The duties 
of time switches nowadays are so many and so varied 
that it is out of the question to allow them to be stopped 
in large numbers every time there is an interruption 
of supply, while the prospect of frequently sending 
round to re-set the clocks to the correct time after 
stoppage is not one lightly to be faced. In fact, the 
lack of ability to keep running in the event of the failure 
of current, even for a few seconds, is an insurmountable 
objection, in the case of time switches, to what would 
otherwise be a very fine idea. 


THE AUTHORS’ REPLY TO THE LONDON AND NEWCASTLE DISCUSSIONS. 


Lieut.-Col. K. Edgcumbe and Mr. F. E. J. 
Ockenden (in reply) : We take this opportunity of thank- 
ing Dr. Drysdale, who opened the discussion in London, 
and all those who have contributed so much valuable 
information and such interesting criticisms in the course 
of the discussion. We cannot but be gratified, moreover, 
at the very large measure of agreement with which our 
arguments have been met. It seems preferable to group 
the replies to the various points raised in the discussion 
rather than to attempt to reply to each speaker 
individually. 

Precision moving-iron ammeters and voltmeters.—Mr. 
Banner suggests that the satisfactory characteristics 
of the meters described are nearly all due to the use 
of a nickel-iron alloy for the moving-iron portion. This 
is notso. The movement as originally designed embodied 
a stalloy moving-iron portion and the characteristics 


were equally good, with the sole exception of the 
elimination of direct-current hysteresis. As is shown 
in the paper, the torque is almost independent of the 
permeability of the iron, and low copper resistance and 
minimum inductance depend upon the constants of the 
coil itself. The scale shape, moreover, is determined 
by geometrical considerations and is independent of 
the material used. As regards the scale shape, Mr. 
Parry suggests that 90° is the maximum angle of 
deflection of which the single attracted-iron movement 
is capable. Actually, 110° is easy to obtain. The 
precision ammeters and voltmeters described in the 
paper have a scale of 90° only, and this was adopted 
in order to minimize the necessary ampere-turns, which 
amount to 100, with a volt-ampere consumption in the 
winding of only 0:5. In reply to Mr. Parry's questions 
as to whether the movement can be effectively shielded 
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and whether the a.c./d.c. characteristics are the same 
at all parts of the scale, the answer is in the affirmative 
to well within sub-standard requirements. 

Mr. Marshall and Mr. Parry question the wisdom of 
using shunts with moving-iron ammeters, owing to their 
liability to contact-resistance errors, but it is felt that 
the figures given in Table 7 should be sufficient to 
reassure them on this point, and Mr. Parry appears, 
further, to have overlooked the fact that the figure of 
0-43 per cent cited by him refers to an old plug very 
loosely inserted in the hole and an old shunt block, 
without either having been cleaned. 

Comparison of moving-tron and induction ammeters 
and volimeters.—We are gratified to notice that the 
majority of the speakers agree with us in our preference 
for the 120° scale moving-iron as compared with the 
induction pattern, on the ground that the alleged 
advantage of being able to read at a greater distance 
is more than ofset by its inherent disabilities. Mr. 
Nalder probably correctly sums up the situation, from 
the manufacturers’ point of view at any rate, when he 
savs '' I do not like the instrument, but, unfortunately, 
it is necessary." 

It is satisfactory to hear that Mr. Lipman has suc- 
ceeded in considerably improving the induction meter. 
There was certainly room for it; but the point which 
we wished to emphasize was that, whereas doubtless 
every type of meter is susceptible of improvement, the 
moving-iron principle was, intrinsically, so far superior 
to the induction (for the reasons given in the paper) 
that it afforded a more promising field for investigation. 
We believe that the results given in the paper and the 
remarks of the majority of the speakers in the dis- 
cussion fully justify this view. As Dr. Drysdale puts 
it,* “ an induction instrument is essentially, in principle, 
a dynamometer instrument in which the current of the 
moving element is induced in it by an external alter- 
nating-current magnet, instead of being conducted into 
it by springs or ligaments." He goes on to show that 
such an instrument is necessarily the less satisfactory of 
the two in that, instead of its being possible to concen- 
trate the winding where it is required, it is spread out 
into a disc or drum, with the double disadvantage of 
increasing the ‘‘dead’’ weight and of making tem- 
perature compensation more difficult. 

Mr. Lipman advances the argument that “the 
operating forces are several times those of the moving- 
iron type." This may be true, but such working forces 
are only obtained at the expense of an enormously 
increased weight of moving parts, and, as is shown in 
the paper, for equal freedom from frictional errors the 
operating torque must be increased in a much greater 
ratio than the weight. 

Scales and cases.—Several interesting suggestions are 
made as regards scale shapes. Professor MacGregor- 
Morris asks for a scale having divisions which are 
approximately logarithmic (a property of such a scale 
being that a given length represents the same percentage 
at all points). Whilst this may be an advantage in 
itself, it must be remembered that the fundamental 
law of an alternating-current instrument is one of 
Squares, i.e. one in which the lower divisions are small 

* Journal of Scientific Instruments, 1927, vol. 4, p. 218. 
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and the higher divisions large—just the opposite, in 
fact, to the logarithmic scale. A compromise has to be 
effected, and a scale reasonably even over the lower 
two-thirds and closing up somewhat over the upper 
one-third represents, in our view, the best all-round 
arrangement. (Fig. 5 in the paper is an example of 
such a scale.) 

Mr. Marshall and Mr. Fawssett would like to see the 
lower one-fifth or one-third, respectively, of the scale left 
without divisions—a somewhat drastic method of 
indicating to the user that the accuracy at the lower 
parts of the scale is likely to be less. Whilst it seems 
unlikely that either of these speakers would actually 
wish this carried out, owing to the inconvenience of not 
being able to take low readings at all, their remarks 
should serve as a useful reminder of the importance of 
carefully choosing the range of an ammeter or watt- 
meter according to the actual measurements to be made. 

Mr. Short asks whether there is ‘‘some angle of 
deflection which, if exceeded, introduces a definite 
error." This can hardly be said to be the case, since, 
in common with nearly all engineering problems, it is 
again a question of compromise. In the present instance 
a balance must be struck between the advantages of 
increased ease of reading and the disadvantages of 
reduced precision. In the case of switchboard moving- 
coil or moving-iron instruments, it is pretty generally 
agreed that 120° is the best angle, since it is probably 
the largest which can be obtained without departing 
from the most efficient type of movement. With the 
induction pattern, these considerations do not apply, 
and the limiting angle is determined rather by con- 
siderations of torque per degree and of spring fatigue. 

Somewhat closely allied to the question of scales and 
scale lengths is that of the form and size of the case. 
Mr. Fawssett and Mr. Lipman appear to favour a 
rectangular case. It may be pointed out, however, 
that this represents, from the user’s point of view, no 
economy of space as compared with a round case, since 
for the same scale length the length and width of the 
square meter must be at least equal to the diameter 
of the round meter which it is to replace. In fact, 
a number of round instruments can sometimes be 
'*' nested in," whereas this is not possible with a square 
case. There is, however, a slight advantage from the 
instrument designer's point of view, in that the volume 
of a square case is larger than that of a round of the 
same diameter, in the ratio, in fact, of 4:7. Con- 
sequently, the square case allows rather more room inside 
for resistances, shunts, etc., but the scale length cannot 
thereby be increased. As pointed out by Mr. Fawssett, 
an oblong double-meter case may be made to occupy 
less space than two single meters, but this is not due 
to the rectangular shape, but to the elimination of the 
two separating walls, etc. Even so, two 6-in. instru- 
ments cannot be replaced by one measuring 10 in. X 5 in., 
as suggested by Mr. Fawssett, but two 5-in. instruments 
might be so replaced. 

Electrostatic voltmeters.—Professor MacGregor-Morris 
emphasizes the importance of minimizing leakage when 
condensers are used to extend the range of electrostatic 
voltmeters. It may be pointed out, however, that 
leakage over the insulation of the series condenser can 
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be eliminated by the use of a guard ring, and leakage 
over the insulator of the meter is less likely to be 
detrimental, owing to the relatively higher capacity of 
the movement and to the relatively lower voltage across 
its terminals. It is, therefore, “through ” leakage which 
has chiefly to be guarded against. 

Mr. Harris advocates what he describes as a '' poten- 
tiometer ’’ arrangement of the condensers, whereby the 
voltmeter is connected across one condenser in series 
with another. This is only another way of saying that 
the capacity of the condensers should be as high as 
possible, so as to minimize the effects of any leakage 
current in comparison with the capacity current. Mr. 
Harris further recommends the use of a spark-gap in 
series with a fuse as a protection for electrostatic volt- 
meters. In our opinion this is a most unsatisfactory 
arrangement which results in reducing an already weak 
spot to a still weaker spot. It is well known that, in 
the event of a dead short-circuit between phases, no 
ordinary fuse can be relied upon to open the circuit, and 
the presence of a spark-gap in no way adds to the 
security. For this reason the electrostatic voltmeter 
should, in our opinion, be protected by a series resistance 
of several megohms, the addition of a fuse being then 
unnecessary. 

The question was raised as to how the extra-high 
voltage is measured for the calibration of the voltmeter 
shown in Fig. 15. Up to 60 kV a wire resistor in 
combination with a moving-iron or electrcstatic volt- 
meter is employed. The wire resistor is enclosed in 
oil-filled porcelain tanks and no trouble is experienced 
due to capacity current. The active current is com- 
paratively large (0-05 ampere) and it must be remem- 
bered that any capacity current is in quadrature with 
it. To obtain the correct setting of the discs corre- 
sponding to higher voltages, the capacity for, say, 
the 60-kV setting is measured, and the position of 
the movable (right-hand) disc is then varied until the 
capacity has the lower required value, i.e. one which is 
inversely proportional to the full-scale value desired, the 
arrangement, in fact, corresponding to that adopted in 
connection with the Kelvin attracted-disc electro- 
meter. 

Professor MacGregor-Morris has an aversion to 
handling a telephone connected with the high-voltage 
circuit, even although earthed. We are inclined to agree 
with him, and it was for that reason that the alternative 
of a loud-speaker was suggested. As pointed out in the 
paper, however, a simpler and more direct method is 
to shield the neon tube from strong light, so that the 
point of breakdown may be visible. 

Warren synchronous motor.—Mr. Marshall, in alluding 
to the advantage of having various parts of a system 
always running at the correct frequency so that they may 
be instantly paralleled should occasion arise, questions 
the possibility of so doing without a slight raising or 
lowering of the speed of one or the other. This is, of 
course, the case, and the Warren frequency clock is not 
intended to replace the synchroscope. The frequency of 
two systems regulated by a frequency clock is kept so 
nearly correct that a synchroscope connecting the two 
systems willalways revolve slowly enough for them to be 
paralleled at any moment. Such a state of aííairs is 


well known to be quite impossible with an indicating 
frequency meter. 

Mr. Stubbings describes the use of a synchronous time 
meter for circuit-breaker testing and advocates the 
stopping of the time-meter hand by the circuit breaker, 
instead of by the relay contacts, on the ground that if 
the relay contacts are defective they will introduce a 
delay. It would appear that Mr. Stubbings's arrange- 
ment includes in the measurement the time taken by 
the circuit breaker to open, which may or may not be 
desirable; and, as regards the relay contacts, it would 
seem that if these introduce a delay in operating the 
time meter, they must equally introduce a delay in 
operating the circuit breaker. 

Mr. Sharp emphasizes a disadvantage of the 
synchronous timing motor as a means of driving time 
switches, i.e. that if the supply fails, the timing of the 
switch will be incorrect. This is undoubtedly the case, 
but there are a large number of instances in which the 
disadvantage of having to reset the time switch in the 
rare event of a failure of the supply is much more than 
offset by the advantage of not having to wind or regulate 
the clock. 

Current. transformers.—Several speakers agree with 
us that with bar-type current transformers for low 
currents a smaller rated secondary current is advisable. 
Both Mr. Lipman and Mr. Harle suggests à ampere 
instead of the 1 ampere proposed by us. At 1 ampere 
or less the secondary burden can be reduced owing 
to a smaller loss in the connecting leads, but we do not 
agree that the power consumption of the meters or 
relays will be any less, since, for a given number of 
ampere-turns, the consumption is almost independent 
of the value of the current, rising slightly with a smaller 
current, owing to the extra space occupied by the 
insulation between turns. 

In reply to the various questions asked by Mr. Harle, 
the tests of phase angle were made by means of a 
differential wattmeter specially developed for the pur- 
pose. The rated voltage of the current transformer to 
which Fig. 29 refers was 22 kV and the core was of 
Mumetal. 

We cannot agree with Mr. Lipman that it is prefer- 
able to reduce the working forces of meters, relays, etc. 
We prefer to design current transformers which will 
give the volt-amperes necessary to operate thoroughly 
robust apparatus, and we think that we have shown 
how this can be done. 

Referring to our proposal to add an auxiliary current 
transformer in the secondary, for the purpose of effecting 
any necessary adjustment of the transformation ratio 
in low ampere-turn current transformers where the 
removal or the addition of one secondary turn repre- 
sents too large a percentage variation, Mr. Harle asks 
whether the second current transformer will not, in 
itself, introduce errors. It must be remembered that 
the ratio variation of the main current transformer with 
its low ampere-turns will be appreciable and, further, that 
the auxiliary transformer can be wound with a large 
number of ampere-turns, so that its characteristics will 
be good and the additional burden imposed upon the 
main transformer is negligibly small, being merely the 
I*R and core losses of the auxiliary transformer. 
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Mr. Stubbings’s proposal to make the determination 
of phase angle and ratio easier by winding on the full 
number of secondary turns, and of providing a tapping 
to give the required ratio correction, is interesting and 
in many cases should be well worth adopting. 

Radio-frequency current transformers.—In reply to 
Mr. Sreenivasan the radio-frequency current trans- 
former illustrated in Fig. 24 is known to be accurate 
up to 1 000 kilocycles, and is believed to be reasonably 
so up to 3000 kilocycles. Above this frequency, so 
little is actually known as to the current distribution 
in even a single wire, such as would be used as the 
active element ina hot wire or thermo-couple meter, that 
it is dificult to make any precise claims as to accuracy. 

The method of calibration of radio-frequency current 
transformers which we adopt is to wind over the 
secondary a primary with the same number of turns, 
each winding being carefully and evenly spaced round 
the iron core. The ratio error is then measured by 
means of a differential thermo-couple and direct-current 
potentiometer, any necessary turns correction being 
made upon the secondary winding. The temporary 
primary is then removed and the single turn '' shell ” 
(Fig. 24) is put in place. 

Mr. Parry asks about the shunting effect of the 
concentric terminals which are essential to a satisfactory 
linkage between primary and secondary. The voltage 
across the capacity so formed is very small and the 
capacity current is in quadrature with the main current, 
so that, in practice, the error introduced is found to be 
quite negligible, at any rate for currents of 20 amperes 
or more, at any frequency up to 1 000 kilocycles. 

Miscellaneous.—Mr. Lipman proposes the term 
“efficiency factor" for the ratio ‘torque volt- 
amperes," and suggests that it represents a criterion 
of excellence. In our opinion any criterion is valueless 
which ignores the question of weight, except perhaps 
for graphic meters, where the chief source of frictional 
error is quite independent of the weight of the moving 
parts. In the early days, meters were largely judged 
by their consumption, presumably owing to the import- 


ance which usually attaches to it in the case of 
integrating meters. But it is now recognized that this 
is a great mistake (except in certain special cases where 
the power is actually not available) and that it is the 
ratio of the torque per degree of deflection to some 
power of the weight, which forms the true criterion. 

Mr. Short asks whether the '' relay " grapher is likely 
entirely to replace other types. This seems hardly 
probable, since each instrument has its own field of 
usefulness, quite apart from the fact that the cost of 
the relay pattern must inevitably be higher than that 
of the direct-acting pattern. In reply to his further 
question, it may be said that the time taken for the 
pen to reach the top of the chart after switching on 
from zero is approximately 14 seconds. 

Mr. Vines and Mr. Fawssett question the necessity 
for our warning against the use of aluminium as well 
as of zinc as a constituent of die-casting alloys. It is 
quite true that there are a number of excellent alloys 
containing aluminium, but there are equally a number 
of unsatisfactory ones and, until some more rigid 
specification is possible, it appears best to avoid the use 
of aluminium. As Dr. Drysdale expressed it in his 
recent lecture before the Physical Society,* '' allovs of 
zinc and aluminium are especially dangerous, but even 
the copper-aluminium alloys are subject to this trouble ” 
(i.e. deformation). 

Mr. Bowden raises the important question of relays, 
and very rightly emphasizes the undesirability of 
sacrificing accuracy of setting to ''robustness." He 
also deplores the fact that protective relays are not 
dealt with in the paper. There have been, of late years, 
a number of papers dealing with protective relays, and 
the publication of British Standard Specification No. 
142/1927, covering protective relavs, would appear to 
carry the subject a stage further in the direction desired 
by Mr. Bowden. To have included them would have 
expanded an already long paper beyond permissible 
limits, and for this reason we felt bound to confine 
ourselves to '' Measuring Instruments." 

* Journal of Scientific Instruments, 1927, vol. 4, p. 181. 


600 


ECKERSLEY: SHORT-WAVE WIRELESS TELEGRAPHY. 


SHORT-WAVE WIRELESS TELEGRAPHY. 


By T. L. ECKERSLEY. 


(Paper first received lst December, 1926, and in final form Ath May, 1927; read before the WIRELESS SECTION 6th March, 1927.) 


SUMMARY. 


This paper deals with the state of the short-wave practice 
and theory, and describes experiments made by the author 
to elucidate short-wave transmission phenomena, and certain 
theoretical developments based on these experiments. 

In the first Section the aerial transmission characteristics 
are dealt with; in particular the vertical polar diagrams of 
transmission are computed, taking account of the earth’s 
resistivity, and it is shown that these are all characterized 
by the absence of horizontal radiation. 

It is also shown that the intensity of the low-angle trans- 
mission is increased by raising the transmitting aerial. 

In the second Section the results of a series of experiments 
in which a short-wave radio direction-finder is used are 
described, and the conclusion is arrived at that in long- 
distance transmission the ray trajectory has a shallow angle 
of elevation 15°, and follows the great-circle path. 

In the third Section the results of a series of long-distance 
transmission tests is given. Waves between 25 and 10 m 
were used, and experiments were made which indicated the 
superiority of a raised doublet over one at the ground-level. 

In the last Section the general theory of ionic refraction 
is discussed in the light of these and other experimental 
results. The effect of attenuation due to the collision of 
electrons with molecules is especially stressed and a novel 
theory of the skip distance is put forward which has the merit 
of agreeing closely with the observed results of Heising, 
Schelleng and Southworth. 


List OF SYMBOLS USED. 


c = velocity of light. 
J = frequency. 
w = 27 X frequency. 
A = wave-length. 
h = height of transmitter above earth. 
d, dj, dg = radial distances from transmitter. 
o = conductivity. 
€ = specific inductive capacity. 
x, y, z = rectangular co-ordinates. 
M = (metre-amperes of transmitter)/100 (aetherial 
momentum). 
ky, kọ = transmission characteristics given by 


a = € + 2igÀc. 

E = electric force. 

0 = angle of elevation of ray. 
d = phase angle. 

p = refractive index, i.e. v/c. 
U = group velocity in medium. 


LisT OF SYMBOLS USED—continued. 


V = phase velocity. 
N = number of electrons or ions per cm3. 
m = mass of electrons. 


e — charge on electron. 

v — velocity of ion or electron. 

T — average time between collisions. 
l = mean free path. 

T = time period of waves. 

I = current. 


INTRODUCTION. 


The following paper is chiefly concerned with the 
work in connection with short-wave transmission of 
which the author has had knowledge, having been 
engaged in the experiments described. 

The other short-wave work of the Marconi Co., 1.e. 
the development of the beam system by Marconi and 
Franklin, which has contributed so largely to our 
knowledge of short-wave transmission, has been described 
elsewhere. 

Other references to short-wave work have been made 
wherever necessary, but, since this paper involves a 
break-away from the traditional views of simple ray 
refraction, the references are naturally not so full as 
they would have been had the ray refraction theory 
alone been discussed. This, it is hardly necessary to 
point out, means no disparagement of the valuable 
work already carried out, but only reflects the essential 
divergence of the ideas presented from those previously 
published. 

During the past 24 years there has been a very con- 
siderable development both in short-wave practice and 
technique, but the art is still in a state of uncertainty. 
It is only necessary to glance at the diverse systems in 
use to realize how far we are from finality in this matter. 

The theory has also becn advanced, perhaps not to 
the extent that the writings of some of the Americans 
appear to suggest. The ray theory, developed from the 
original work of Eccles and Larmor,* has been pursued 
to the bitter end in this country, but is bv no means 
universally accepted. Dr. Meissner f in particular has 
developed another theory based on some experiments 
of his in transmission to Buenos Aires. 

In the author's opinion the ray theory as developed 
by the Americans, Taylor and Hulbert,$ Heising, 
Schelleng and Southworth,§ Baker and Rice,|| has 


* Philosophica’ Magazine, 1924, vol. 48, p. 1025. 

t Zetischrift für Hockfrequenztechnik, 1924, vol. 24, p. 85. F 

t Proceedings of the Institute of Radio Engineers, 1925, vol. 13, p. 677, and 
Physical Review, 1926, vol. 27, p. 189. . 

§ Bell Svstem Technical Journal, 1925, vol. 4, p. 315, and Proceedings of the 
Institute of Radio Engineers, 1925, vol. 18, pp. 291 and 313. 

l| Transactions of the American I.E.E., 1926, vol. 45. 
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neglected a very important factor, that is the absorption 
of energy in the ray, and the author hopes in the course 
of the paper to show that this theory plays a dominant 
part in practically all short-wave transmissions (as well 
as long-wave transmissions). 

This paper is chiefly concerned with experiments 
both in transmission and reception of short waves 
which the author hopes will throw some light on the 
nature of the transmission as well as on the practical 
question of the design of suitable aerials for short-wave 
working. 

Theory and practice are inextricably involved in this 
latter question. For instance, it has been proposed to 
use aerials which radiate their energy upwards in order 
to take advantage of the reflection from the Heaviside 
layer. The Marconi Co. favour the beam radiating 
more or less horizontally, with a vertically polarized 
wave. Mr. Alexanderson in America appears to regard 
the horizontally polarized wave as being the more 
favourable for transmission, and uses a_ horizontal 
doublet for the purpose. 

It is therefore a matter of considerable practical 
importance to decide whether the vertical or horizontal 
ravs are the more effective in transmission, and to 


A 
i 
B 


Fic. 1. 


design aerials which will radiate efficiently in the direc- 
tion required. As a preliminary step towards the 
solution of this problem we will consider the nature of 
the polar radiation diagrams of various types of aerials. 
The important question, apart from the production of 
beams, is the nature of the polar diagram in the vertical 
plane. 

In previous attempts to calculate these polar diagrams 
the problem has alwavs been simplified, as far as the 
author is aware, bv assuming that the earth is a perfect 
conductor. 

This, unfortunately, may lead to very considerable 
errors, because the corrections due to the imperfect 
conductivity of the earth include terms which involve 
the product of the frequency and resistivity, and which 
therefore become significant in the short-wave range 
with which we are concerned. ‘lhe author has therefore 
made an attempt to take into account the finite con- 
ductivity of the earth and has calculated the approxi- 
mate polar diagram for the case of a vertical doublet 
situated at a height h above the surface of the earth. 
For this purpose the analysis of Sommerfeld * has been 
extended to take account of the finite height of the 
aerial above the surface of the earth. 

The analvsis is given in the Appendix, but the results 
of this calculation can be expressed relatively simply. 

© Annalen der Physik, 1909, ser. 4, vol. 28, p. 665. 
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In Fig. 1 let A represent the radiating doublet and S 
the surface of the earth. 
Then at distances large compared with what Sommer- 
feld calls the numerical distance, i.e. 
PNE M 
À(€ + 2iacd) 


and for small values of z the electric force 


1207M, — anit 1207M, 2,8 
————6 € 


s Ad, | AM 
2 1207M, 5, 1 kez 
A d © LIE V2) X mia 
where kí = (my 
2 
k = (=) (€ + 2i0Àc) 


A =: wave-length, 

€ = specific inductive capacity of the earth, 
o = conductivitv, 

c = velocity of light. 


At great distances, with a finite value of z, the field 
strength E is given by the field strength due to A together 


Fic. 2. 


with the effect of the negative image of A situated at a 
distance k below the surface of the earth. 

By this the author means that the electric force at any 
point above the plane ZZ (for which @ and z are not 
too great) is that which would be produced by an 
oscillator at A together with another oscillator at B, 
the current in the second oscillator being 180° out of 
phase with that in A. 

Expressing this fact analytically 


= OEE cos sin (A7 sin 8) ~ . (1) 


This is in direct contrast with the effect of a perfectly 
conducting earth where the field strength produced is 
that of the transmitter at A, together with the positive 
image at — h, or by an oscillator at B with its current 
in phase with that at A. 

An immediate consequence of the above theory is 
that the aerial radiates practically nothing horizontally 
(except in the immediate neighbourhood of the trans- 
mitter). 

The physical reason for this is more or less obvious. 
Consider, for instance, the radiation from an aerial 
situated on a perfectly conducting plane; we obtain 
the ordinary cosine diagram, as in Fig. 3. 

However, when the earth is not perfectly conducting 
the absorption of the rays propagated horizontally is. 
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so great that all the lower rays are more or less completely 
absorbed and we are left with a diagram of the form 
shown in Fig. 3 (dotted curve), with no horizontal 
radiation as required by the foregoing theory. 

This is such a radical departure from our preconceived 
ideas that a check should be obtained if possible. 


This check is afforded by the following considerations. 
Sommerfeld has shown* that there is a reciprocal 
theorem which states that if A and B be any two stations, 
then if equal power be radiated by the two the field 
strength induced in A by B is equal to the field strength 
induced in B by A, with the proviso that the transmission 
effects are linear and involve no “ gyroscopic terms ” 
such as are introduced by a steady magnetic field in a 
medium containing free electrons or ions. We can use 


Fic. 4. 
this theorem as follows to calculate the polar diagram. 
Consider the arrangement illustrated in Fig. 4. 

A and B are the two transmitters, A situated near 
the earth and B well away from A and the earth. 

Now the field strength produced by B on A can be 
calculated. The value of the incoming field strength is 
(120hI,/Ad) cos 0, but the actual field strength is the 
sum of the field strengths in the direct wave and that in 
the wave reflected at the earth’s surface. Now it is a 


simple matter to calculate the reflected e.m.f. Thus 
if E, = direct and E, = reflected e.m.f. at the surface 
of the earth, then 


— Z — oL 


where a = € + 2igÀc 
n' = 4/(sin? 0 + € — 1 + 2igÀc) 


If the aerial A is at a height h above the surface of 
the earth and we reckon the phase of £j as zero at O 
(Fig. 5) then the phase at A of E, will be — 7¢ and the 
phase of E, will be the phase of A at O + id, where 


* Zeitschrift für Hochfrequenztechnik, 1925, vol. 26, p. 93. This also follows 
‘from a note of the author in Electrician, 1923, vol. 90, p. 135. 


$ = (2«h[A)sin 0. The resulting field strength at A 


will be 
na —n ,. 
—i$ AOE, 
Eye ig na + n^ ) 
1207 M na -— n^ ,, 
Es plut dies, - i$ cape. MA MP 
AD aS E i: [s + a) | 


and the modulus of this quantity will immediately give 
the form of the polar diagram of. A considered as a 
function of 0, the angle of elevation. 

In general this is a complex function of Ó and the 
earth constants involved in a, but two simple, special 


90° Height of centre of aerial above 
earth = 4A 


or earth of negligible conductivity 
B . E perfect e! 


Fic. 6. 


cases occur. If Ô is so small that asin@ is small 


compared with n’ (which comes to a finite limit when 
, 


na —n 
th tity ————; — l 
0 —> 0), the quantity uq ] and the polar 
diagram is 
1207M2 odes, (m i 8) 
———— —— sin 
Ad A 


which agrees exactly with the previously calculated 
value (1). 


90° Height of centre of aerial above earth =4 À 


On the other hand, if sin 6 is so large that asin@>> n’ 
the resulting field strength is 


1207 M2 dva. c s 6) 
——— COS s [ —— sin 
Ad A 


which is the value calculated on the assumption of 
perfect conductivity. 
There is therefore a certain critical value of @ given 
by 
sin 9 = 4/(€ + 2iadc — cos? 0)/(e + 2ioàc) 
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(which, when o = 0, is the polarizing angle of reflection 
of the earth). For angles above this the polar diagram 
is appropriate to a perfectly conducting earth, and for 
angles below this it is appropriate to a perfectly resisting 
earth (i.e. € > 1). 

Critical angle.—On account of the complex value of 
the quantity n’ there is no real value of @ which makes 


sin 9 = 4/(e + 2taAc — cos? 0)/(€ + 2ioÀc) 
but we may use the condition 
la sin 0| = |y (€ + 2:oAc — cos? 6)| 


30 Height of centre of aerial above earth = À 


Fic. 8. 


where the vertical brackets imply that the modulus of 
the quantity within is to be taken. If the resistivity is 
sufficiently great, ie. g small, the equation can be 
exactly satisfied and the critica] angle becomes the 
polarizing angle given by tan Ó =: l[4/e, so that 6 


90? 


Horizontal doublet 
Height of centre of aerial above 
earth = !4 À 


0° 


Fic. 9. 


cannot be greater than 45°. In general, for resistivities 
such as are generally found, the earth angle @ is of the 
order of 10? in the short-wave range, say 15 to 50 m. 
Figs. 6, 7 and 8 show the calculated polar diagrams for 
various heights h. The full curves represent the opposed 


doublets and are appropriate for small angles; while 
the dotted curves represent the effect of adding doublets 
and are appropriate for high-angle transmission. 

The critical polarizing angle is represented by the 
line OP (Fig. 6) at an angle 04. This angle varies with 
the wave-length and earth constants, being greater for 
shorter waves and higher resistivities and small values 
of €. 

With these considerations in mind it is possible to 
calculate the polar diagram of any type of vertically 


90? 


Horizontal doublet 
Height of centre of aerial above earth = 14 À 


Fic. 10. 


symmetrical aerial when the current distribution in 
the latter is known. 

The radiation from a horizontal aerial (in a plane 
perpendicular to its length) ás also of the same type, 
and except for a small second-order term is that due to 
the aerial and its negative image, the cosine 9 factor 
being removed. 

Since there is no polarizing angle in the case of a 
horizontally polarized ray, there is no critical angle 
where the polar diagram changes ; for small angles the 
polar diagram of the horizontal and vertical aerials are 


90° 
Horizontal doublet 
Height of centre of aerial 
above earth = À 
0° 
Fic. 11. 
identical. These are shown in Figs. 9 to 1l. This 


completes the calculations of the polar diagrams of 
aerials in general use. 

It is immediately obvious that if horizontal radiation 
is necessary for long-distance transmission the aerials 
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must be raised to a height, for the angle of the first 
maximum loop is practically inversely proportional to 
the height of the aerial above the earth. 

On the contrary, for high-angle transmission a half- 
wave aerial situated near the earth’s surface is practically 
as good as any other. 

In order to make practical use of this we require a 
knowledge of the best angle of elevation for trans- 
mission over any required range. 

In the next Section an account is given of experiments 
designed with a view to the determination of the nature 
of the transmission on short waves. In particular the 
angle of incidence of the incoming (and therefore by the 
reciprocal theorem the outgoing) rays is studied. 


SHORT-WAVE RADIO DIRECTION-FINDING. 


The following experiments were carried out chiefly 
with a view to determining something about wave pro- 


otating frame 7 
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Fic. 12.—Circuit for figure-of-eight diagram. 


pagation in the short-wave range. <A simple diamond- 
shaped single-turn frame was used and suitable 
precautions were taken to eliminate the “ vertical 
component." These included a strict adherence to a 
symmetrical circuit (see Figs. 12 and 13) and the elimina- 
tion of any direct pick-up by the receiver by wholly 
enclosing it and its batteries in a screened box. These 
conditions were found to be essential and were, moreover, 
apparently quite successful, for the arrangement tested 
on local stations (distances up to a couple of miles) gave 
excellent figure-of-eight diagrams with minima 180° 
apart. However, perfect results were only obtained 
by removing the apparatus from the hut in which we 
originally worked to the open field at some distance 
from it. By stripping most of the wiring from the 
hut the apparatus could be used inside, giving good, 
but not perfect, results. 

On turning our attention to distant stations, in 
particular AGB at Nauen (26 m), which, with its regular 
afternoon and evening work, provided an excellent 


station for test purposes, it was immediately apparent 
thatthe frame alone was of no use for distant direction- 
finding, even in daytime, for the reason that as a rule 
there were no signs of a minimum at all and what 
minimum there was from time to time varied in position, 
although on a rough average it gave something like the 
correct position. It was impossible to avoid being 
impressed by the similarity with conditions which obtain 
when the bearings on longer waves suffer from the 
severest form of night effect. The conditions were 
complicated in this test on AGB by the presence of rapid 
fading, so that it was difficult to tell whether a minimum 
was caused by the turning of the frame or by a fade. 
The general impression derived from an extended 
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series of measurements during the last nine months is 
that (1) within the range of the direct ray good bearings. 
with the figure-of-eight or cardioid, can be obtained; 
(2) within the skip distance it is impossible to obtain a 
bearing with the figure-of-eight but that under certain 
conditions, but not always, cardioid diagrams can be 
obtained; and (3) beyond the skip distance normal 
cardioid diagrams can be obtained, and in quite a 
number of cases good figure-of-eight diagrams. 

On the longer waves where the so-called ‘“ night 
effect " is due to the presence of a wave with the electric. 
force polarized in the horizontal plane, the distortion. 
of the bearings can be eliminated by the use of 


(a) The cardioid diagram, 
(b) Balanced frames, 
(c! The Adcock type of aerial,* 


so long as the ray remains in the vertical plane. For: 
the cardioid diagram it is also necessary that the in- 


* R. L. Surrua-Rosk and R. H. BarrieLnD: Journal [.E.E., 1926, vol. 6i... 
p.831. . 
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coming ray should make onlv a small angle with the 
plane of the earth. 

To find out whether the lack ot minimum on the 
trame was due to the horizontally polarized ray as in 
the case of the longer waves, a vertical aerial was com- 
bined with the frame to produce a cardioid diagram. 

The arrangement is what is known as the '' tuned 
cardioid." Both the frame and the vertical aerial are 
nearly tuned, the necessary 90? phase difference between 
the currents in the two being caused by advancing the 
phase of one and retarding the other by the same amount. 
This phase shift can be produced by slight mistuning 
of the two circuits. The two circuits, i.e. aerial and 
frame, were each coupled to the shielded receiver, and 
the relative coupling of the two was varied to give the 
requisite balance. 

On local stations, e.g. Marconi works on 35 m, 
Marconi College on 45 m, and a local modulated set, a 
very accurate balance could be obtained. 

Tonic train was much more easy to adjust than 
continuous waves. The reaction back of the tuned 
circuits, frame and aerial, was sufficient to vary the 
heterodyne note while adjustments were being made, 
which made the latter very difficult. 

A well-shielded separate heterodyne is most essential 
for good results with continuous waves. The separate 
heterodyne must be so well shielded that it does not 
act on the frame at all, otherwise there will be a spurious 
minimum when the frame is so oriented that it receives 
nothing from the separate heterodyne. 

Using this arrangement on distant stations, in par- 
ticular AGB at Nauen, Paris (FW), and a Radio Corpora- 
tion station in America (WLL), it was possible to obtain 
a fair cardioid diagram giving a minimum in approxi- 
mately the right direction: moreover one which did 
not vary. 

The minima were by no means as perfect as those 
that could be obtained on local stations, but they were 
sufficiently definite and constant to allow one to infer :—- 


(1) That the absence of minima on the frame is 
chiefly due to the presence pf a horizontally 
polarized ray, as in the case of long waves. 

(2) That the main bulk of the rays follow the great- 
circle path and strike the recciver nearly parallel 
to the earth's surface. 


The lack of perfect balance on long-distance stations 
is more than can be accounted for by instrumental 
defects. There must be some peculiarity in the trans- 
mission which accounts for this. There are various 
ways in which this effect may be produced. In par- 
ticular the ray may be bent out of the vertical plane, 
or again itis possible that an imperfect balance will -be 
obtained when there is more than one ray in the 
vertical plane, for the adjustment for balance of one of 
the rays, say OP, will be slightly different from that 
for another, say O’P. 

When the rays from the transmitter reach the 
Heaviside layer, or whatever we may suppose to be 
aloft, they may be scattered like the sun’s rays in a fog, 
with the result that the receiver may be affected by 
Iays scattered in all directions, in which case it is 
obvious that no complete balance can be obtained. 


Dr. Meissner of the Telefunken Co. is, the author 
believes, a strong advocate of the latter theory, which 
has a particular significance with respect to the per- 
formance of a beam station, for, as it has been pointed 
out, if the beam is scattered in all directions when it 
reaches the upper layer it loses its beam formation 
and there is no practical use in employing it. 

The upper layer in such a case acts as a secondary 
source which broadcasts the beam in all directions, 
more or less indiscriminately. 

The experiments with the cardioid diagram, described 

above, seem to the author to show that the amount of 
energy scattered, if any, must be small, for it is clear 
that no minimum at all could be obtained were the rays 
wholly scattered. 
- Certain observations carried out during our tests 
with the cardioid seem to suggest that the residual 
effect at the minimum may, however, be due to scattered 
radiations. These observations were made on Nauen 
(AGB), which carries on a regular telegraph service with 
Buenos Aires. 

At about 20 00 to 21 00 G.M.T. in the evening in July 
the signals from this station have been observed on cer- 
tain occasions to fade almost to nothing, and at the same 
time the speed of transmission to Buenos Aires has 
largely increased. This fact may naturally be inter- 
preted by supposing that, as night conditions obtain, 
the ray gets less and less bent, and passes right over- 
head of us to Buenos Aires: in fact at night we in 
England are within the ''jump-over" distance. At 
the same time as this weakening occurs all signs of a 
cardioid diagram on the receiver are lost. It therefore 
seems probable that under these conditions the main 
ray passes right overhead and we are left with what is 
scattered from above; this latter radiation, having no 
characteristic direction, will give no minimum on the 
cardioid. Attempts were made to rebalance under 
these conditions but were unsuccessful, and although 
the difficulties of balancing on weak signals are increased 
it seems probable that a balance was unobtainable. 

The cardioid seemed to lose its characteristics, not by | 
an increase of the signals at the minimum, but by a 
decrease at the maximum, suggesting, in accordance 
with the above explanation, that the main signal was 
removed, leaving only the scattered rays. 

There are, of course, other explanations of these 
observations, in particular one suggested by long-wave 
experiments. For example, when receiving long-wave 
(15 000 to 20 000 m) European stations in Australia 
on the cardioid apparatus it was found that at certain 
times there was no minimum and this was traced to 
the fact that on these occasions the energy was coming 
both ways round the world so that one ray came in 
at the mirimum of the other and spoilt the diagram. 

But in this case it was always possible to obtain a 
figure-of-eight diagram with a frame alone, owing to 
the absence at these great distances of the horizontally 
polarized ray, and to the fact that when the plane of 
the frame is perpendicular to one of the rays it is also 
perpendicular to the other, since both lie in the great 
circle joining transmitter and receiver. 

Similar conditions may obtain in the short-wave 
tests, but in this case the great disparity in the lengths 
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of the short path (900 km) and long path (39 100 km) 
should introduce between the two sets of signals an 
appreciable time-lag which should be easily observable. 
The possibility of the ray coming right round the world 
and affecting a receiver relatively close to the trans- 
mitter is not so fastastic as it seems at first sight, for 
undoubted cases of such an effect have been observed.* 
For instance, the same station AGB has provided ex- 
amples of the effect. It occurs, irregularly, at about 
20 00 G.M.T. to 2100 G.M.T. in the summer months, 
but one cannot be certain of getting it at this time, and 
on some days it is very much more marked than on others. 
What actually happens is that the main signal goes 
weak with a wavering note, and following each dot 
or dash there is a distinct echo which is estimated to 
lag about 4 sec. behind the main signal. The relative 
strength of the signal and echo varies from time to time, 
and sometimes the echo has been so strong as to make 
the main signal practically unreadable. 

With sufficient magnification it has been possible to 
get the key clicks alone, in which case they are doubled 
with the second one following the first after an interval 
of about 4 sec. It has been noted that the character of 
the sound of the second click is different from that of 
the first, being more or less musical, starting with a 
note of high pitch and dropping to a lower one, in a 
similar manner to the “ squeak X's," and it is natural 
to suppose that the cause of the two is the same, i.e. 
the dispersion of a pulse in an ionized medium as ex- 
plained in a paper by the author in the Philosophical 
Magazine. It has been observed that the ratio of the 
strength of the echo to that of the main signal can be 
increased by setting the cardioid to the minimum of 
the main signal, an observation which suggests that 
the echo comes round the world in a direction opposite 
to the main signal. But in the case described above, 
where the cardioid failed to give any direction on AGB, no 
echo was observed, so the author is inclined to favour the 
explanation that under these conditions we are re- 
ceiving scattered radiation only, and not the main 
ray or any ray that has travelled all round the earth. 

Other examples of echo effect are provided by the 
observation of the short-wave signals in the range from 
14 to 19 m. 

Thus it has been observed that during the hours of 
11 00 to about 1400 G.M.T. and sometimes in the neigh- 
bourhood of sunset here, very marked echoes may be 
heard on the stations FW (Paris, 14 m), AGA (Berlin, 
16m), 2X5 (14:7 m), 2XT (16:1m), WOL and WLL 
(American stations, 17 m). The echoes from these are 
all characterized by a time-lag of the order of 4} sec. 

In the case of 2XT it has been possible to use the 
cardioid receiver to sort out the effect. With this 
receiver it is found that if the blind eye is set to face 
the east the echo effect is almost entirely cleared up; 
and signals that are unreadable on account of it are 
made readable, whereas if the frame is turned through 
180? the effect is very marked, as there is still some 
residual effect from the direct signal, and the echo signal 
is at full strength. This proves that, at least in this 
case, the echo signal is coming in from the east, 

* lirst observed, the author believes, by Mr. Robb, in listening to Poldhu 


signals in June, 1925, See also E. QuACK : Zeitschrift für Hochfrequenztechnik, 
126, vol. 28, p. 177. 
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having traversed seven-eighths of the globe while the 
direct signal comes from the west. It was difficult to 
examine the shorter waves FW, AGA and 2XS in this 
manner owing to the limitations of the direction-finding 
apparatus. 

Another example of the effect is curious, and must 
be accounted for by some changed condition in the 
transmission of AGB, Nauen; for whereas in the summer 
this produced a normal echo characterized by a lag of 
about + sec., during autumn and early winter the echo 
on this resembles more a mutilation of the signal akin 
to the beat effect heard in Australia * on the long-wave 
stations with a lag which is certainly less than + sec., 
probably of the order 5! to „y sec., with indications that 
the main signal may come first. 

Tbe cardioid instrument has again been used with 
success in interpreting these effects. Setting this when 
the signal was strong, it was discovered that the mutila- 
tions were produced by signals coming from the west, 
so that we are faced with the fact that the direct signals 
take nearly as long or perhaps longer to travel the 500 
miles direct than the time taken by the ecbo signals 
to travel all round the world. 

The only solution to this is that the direct signal 
(which comes in at a high angle) penetrates to great 
depths in the layer, where the group velocity is small, 
and where consequently it takes the direct signal some- 
thing of the order of 4 sec. to travel the odd 500 miles 
of the direct route. 

The observations, however, were so difficult that the 
conclusions are correspondingly uncertain. 

The explanation that the lack of balance on the 
cardioid is due to the presence of more than one ray in 
the vertical plane has a certain amount of plausibility. 

Under these conditions the cardioid diagram cannot 
be perfect, but the ratio of maximum strength to 
minimum should always be large, and the state of affairs 
where the signal strength is uniform all round could 
not occur, so that the results cited cannot be due to 
this doubling of the ray. The author is therefore in- 
clined to think that there must be some scattering, 
especially at the period after 20 00 G.M.T., but it may 
be that when the cardioid is good but not perfect, as 
for instance in the afternoon (on AGB), some of the 
residual is due to the presence of more than one ray. 
As a matter of fact the fading—if it is due to interference, 
which is very probable—actually indicates the presence 
of more than one ray. 

That a greater part of the quick fading is due to 
interference is indicated by the following experiment. 
AGB was received simultaneously at Broomfield and 
Writtle, the distance apart being about 120 wave- 
lengths. The signals at Writtle were made to modulate 
a 100-m set, the signals from which we received at 
Broomfield. It was therefore possible to listen to the 
signals simultaneously at Broomfield and compare the 
intensity variations. 

It was found that the irregular signal fades did not 
occur together; indeed there seemed very little connec- 
tion between the two, and this is what is to be expected 
if the fades are due to interference, but if they were due 


* RouND, ECKERSLEY, TREMELLEN and LuwwowN: ''Report on Measure 
ments made on Signal Strength at Great Distances," Journal I.E.E., 1935, 
vol. 63, pp. 975 and 9937. 
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to a general weakening all round by wisps of electrical 
fog obscuring the rays the fades would be likely to be 
simultaneous. 

The general conclusions which can be drawn from 
this work are moze or less as follows. During both 
the day and night the main flow of energy at distances 
where the direct ray is feeble is along rays which lie in 
the plane of the great circle joining the transmitter 
and receiver, and these rays come in at a more or less 
glancing angle to the earth’s surface. 

The main ray is not subject to more than a slight 
amount of scattering. The latter only becomes the 
main factor within the “ jump-over"' distance, when 
the main ray skips its objective and comes down at 
greater distances. Fading is mostly due to the inter- 
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ference of the two or’ more rays which probably exist 
at distances greater than the skip distance. 

14- to 26-m signals may traverse practically the whole 
circumference of the earth at certain times and produce 
an echo effect. The long-distance signals show evidence 
oí the dispersive effect of the medium through which 
they travel. 

Further tests with the arrangement shown in Fig. 14, 
comprising more than 50 observations of stations be- 
tween 25 and 50 m wave-length, have been made. The 
arrangement was carefully calibrated on a local station, 
and the coupling C which gave the normal ratio of 
field strength induced in vertical aerial to field strength 
induced in the frame was recorded for a few wave- 
lengths in the range. 

Any deviations from the normal setting of C will 
give a meesure of the change in ratio of these two 
field strengths, and it can be shown that if 0 is the angle 


of elevation of the incoming ray, cos 0 = Mo/M, where 
M is the mutual coupling of C required to give a balance, 
and Mg is the normal coupling. In all but a few cases 
M = Mo approximately, and showed no systematic 
increase above Mọ, so that cos § = 1 (approx. and 0 
must be small; with the limits of accuracy of the obser- 
vations the value of Ü was probably not more than 15° 
to 20°, i.e. cos 0 not less than 0-94. 

The exceptions referred to are all relatively local 
stations, transmitting at night. These are Paris (FW), 
Berlin (AGB), Dutch stations, and Rome. 

This last station is on the border-line between the 
relatively short-distance stations and the long-distance 
one, and may be classed with either according to its 
behaviour. 

The distant stations on which normal settings were 
obtained were :— 


LPI (Buenos Aires) Wave-length 35 m. 


WIZ (Long Island) T »N 43 m. 
ANF (Java) .. v s 39 m. 
CG (Canadian beam).. toon 20 m. 
S.S. “Chelmsford ” at Gibraltar "E 30 m. 


Thus we may say with a fair degree of confidence 
that the radiation of distant stations, say d > 2 000 km, 
is normal in the sense that the ray is nearly parallel 
to the earth's surface (elevation not greater than 20°, 
say). 

On the other hand, relatively local stations do show 
high-angle reflection, and in some cases the probable 
presence of scattered radiation, as previously explained, 
under which conditions the strength is uniform as the 
frame is rotated, and no balance can be obtained. The 
distance at which these effects occur must be outside 
the range of the direct ray, say from about 100 km to 
] 000 km. 

As a general rule, if the station is weak compared 
with its normal average, no bearing can be obtained, 
but when it strengthens a balance can be obtained, 
often, however, with abnormally big values of M, show- 
ing high-angle reflections. As an example FW (40 m) 
showed as high an angle as 60? (in the early evening), 
AGA on 30 m an angle of 54?, and Rome an angle of 
29? (decreasing in order of distance, it will be observed). 
The weak-strength no-balance condition occurs probably 
when within the skip distance; with high-angle 
strong signals just near the edge of this. 

From the angles obtained we can get an estimate of 
the ionic density in the upper layer in the regions to 
which the waves penetrate, for we have a relation 
between cos Ü and p, the refractive index of the medium 
at the highest point the ray reaches, thus :— 


HE 
cos 0- = à 
where uo = refractive index at the surface of the earth, 
r = radius of earth, 


h = height of ray. 
Let h/r = x = a small quantity, so that 


lpo = cos 0(1 — a) approx. 
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and when cos @ is small compared with 1 we can neglect 
z in comparison with unity, or 


E es 


cos 0 


tadig 


where Ao is the characteristic wave-length of the medium, 
ie. A == arm] (Ne) 


or, since 


= = Sin 0 
Xo 
from which we can calculate Àg and therefore N, 
assuming that e and m have values appropriate to the 
electrons. 
The values obtained are :— 


FW 5-24 x 105 
AGA 1-55 x 10 
Rome 2-38 x 105 


an average of 5-0 x 10° approximately. 


TRANSMISSION TESTS. 


Further information may be gleaned from the results 
of a series of long-distance, short-wave transmission tests 
made during August, 1925, to May, 1920. 

These originated partly with the desire to explore the 
short-wave range (below 25 m) and partly with a desire 
to test the effect of raising the transmitting aerial. On 
the assumption that the rays radiated horizontally were 
the most effective in transmission it was thought at the 
time the experiments were begun that raising the trans- 
mitting aerial above the ground would have a beneficial 
effect. 

Tests were made on 25, 20, 17, 15, 13:5, 11 and 10 m, 
the signals being received mainly in Sydney, Montreal, 
Buenos Aires and South Africa. 

In the 25-m tests signals were received by Mr. Allnutt 
on board the S.S. “ Glenamoy ” en route for Hong-Kong. 

The tests covered a period from July, 1925, to May, 
1926, but they do not indicate the seasonal effect on 
any one wave (except 17 m) since the wave-length was 
progressively decreased during the period. The results 
are exhibited in the curves. No attempts were made 
to get absolute values of the signal strengths, and these 
were generally estimated by ear and represented on 
the usual “ R” scale, or as readability in words per 
min. (w.p.m.), c.g. 20 w.p.m. twice, etc. 

The curves, which represent the diurnal run of the 
signal strengths, are not in any way accurate scale 
measures of the signal field strength, but require only 
a suitable scale calibration to put them right. 

At the transmitting end (Chelmsford) arrangements 
were made to sling a half-wave aerial on a triatic be- 
tween the Chelmsford masts at a height of about 80 m, 
ie. approximately 3 wave-lengths (for À — 25) above 
the earth, the original purpose being to compare the 
signals from this raised aerial with those from Poldhu 
with a low aerial. The power emploved in our trans- 
mitter was approximately 4 kW (see Fig. 15). 

A duplicate aerial attached to a 40 ft. mast on the 
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earth's surface was also constructed with a view to 
making a comparison between the raised and lowered 
aerials. 

The transmitter consisted of a drive and magnifier 
circuit, the former capable of dealing with an input of 
150 watts or so, and the latter having a working input 
of 500 to 750 watts. 

There was nothing special in the design of these 
circuits. The drive was the ordinary symmetrical two- 
valve circuit. 

We found it essential to use high-tension batteries 
for energizing this circuit; a d.c. machine or smoothed 
alternating current does not give a sufficient steadiness 
of voltage to give a pure continuous-wave note. Keying 
is effected by short-circuiting a coil near the grid coil, 
thus producing a slight change of wave-length. 

This coil was short-circuited by the contact on a 
Wheatstone sender which gave automatic sending. 

The magnifier circuit was of the Franklin bridge 
type with neutrodyning condensers from the plate of 
one valve to the grid of the other. 


Capacity 
coupling 


Key 


Alternator 


Fic. 15.—Transmitter circuit and coupling to half-wave 
aerial. 


The feeders were connected by small adjustable 
condensers to the high-potential ends of the plate circuit. 
With 550 to 750 watts'input it was possible to get 
between 2 and 3 amperes to the half-wave-length aerial. 
The current in the aerial was indicated by a lamp in 
series with the tuning coil [see Figs. 16(a) and 16(B)}. 

24-m results.—In the 24-m test the Associated 
Companies at Sydney, South Africa, Montreal and 
Buenos Aires were asked to co-operate and send in 
reports; Mr. Allnutt reported from the S.S. '' Glenamoy." 

Other reports were kindly sent in by the Radio 
Corporation of America and very many amateurs who 
picked up our messages, which were broadcast in tle 
following terms: ''Chelmsford testing on 24 m, please 
send any reports to Marconi Works, Chelmsíord." 
The results, which for the most part have been cabled, 
can be best expressed in the form of curves, in which 
the estimated signal strength is plotted as a function of 
the time. 

24-m test.—The results obtained at Sydney, Australia, 
are shown in Fig. 17. The curve is of the usual double- 
peaked form with the peaks near sunset and sunrise 
(Chelmsford) or sunrise and sunset (Sydney). These 
curves are similar in almost all respects to the curves ob- 
tained on the long waves (15 km), and there is therefore 
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reason to believe that the causes contributing to this form | of beam transmitter is used, for the direction of trans- 
of curve are almost identical, i.e. relatively small attenua- | mission will have to be reversed at these times. 

tion at night and large attenuation in the daytime. In the recent beam tests with Australia this reversal 
The peak at 20 00 G.M.T. is no doubt due to the fact | of transmission direction was observed, the afternoon 


I X aerial Vo X aerial 


Transmitter 


T Transmitter 
Feeders | 


$ Capacity Capacity 
coupling coupling 
(A) (B) 
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that the short path (over Europe and India) is then | and evening peak being due to waves coming from the 
wholly in darkness. The peak at 05 00 G.M.T. occurs, | east, and the morning peak to waves coming from the 
on the other hand, when the long path (over the Atlantic | west. The morning change-over occurs between 10 00 
and Pacific) is almost wholly in darkness. The fact | and 12 30 G.M T. 

that the peak signals at this time are weaker than the It is interesting to note that signals can be received 
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2100 G.M.T. peak signals is naturally accounted for 


on this supposition, for the ray path is longer and: 


partly in daylight at the former time. We must there- 
fore suppose that the direction of signals is reversed at 
some time between 06 00 and 12 00, and also between 
2300 and 0200. This has an important bearing on 
the practical handling of transmission if a reflector type 


at 24 00 G.M.T., but not at 12 00 G.M.T., although the 
conditions of light and shade on the two paths are almost 
identical, i.e. half light and half darkness. 

Again, the results obtained during this period of test, 
which agree with the Poldhu tests about this time, are 
opposite in this respect to those obtained in the Poldhu 
transmission during the previous December and earlier. 
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These indicate that at this season (winter in England 
and summer in Australia) strong signals are received 
at the 1100 minima and weak or zero signals at 24 00 
G.M.T. The explanation given at the time is connected 
with the known fact that the daylight transmission 


10 


| All dark | 
l x x 
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daylight path to Sydney where the attenuation is re- 
latively large. 

During summer in the northern hemisphere the con- 
ditions are reversed. Signals must be sent out at 00 00 
G.M.T. in order to reach their destination, and those 


motes ore 24th P 3iSt July and ith to i4t Aug. me 
[SSMontreal | |(S-.R)Chelmsford JS. R Montreal (S.S)Chelmsford 


(S.S Montreal 


0 0400 > 0800 “1200 1600 2000 2400 G.M.T. 
S.R«Sunrise §.$+Sunset 
Fic. 18. 


characteristics vary with the season. Thus these results 
can be explained on the assumption that the attenuation 
in the summer is greater than in the winter. For in the 
winter time at 1100 and 1200 G.M.T. the part of the 
path in daylight lies in the northern hemisphere and is 
relatively little attenuated, and there is sufficient 


4 — 


sent out at 1200 G.M.T. are absorbed in the first part 
of their journey where summer daylight conditions 
obtain. 

This reversal of conditions was predicted at the time 
(October, 1924). 


24-m results. Monireal.—The results obtaincd at 
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energy available where the ray enters the darkness to 
carry on and give good signals in Sydney. On the 
other hand at 0000 G.M.T. the path starts out in 
darkness and the daylight part of the path is almost 
wholly in the southern hemisphere (where summer 
conditions obtain), and the energy which arrives at the 
end of the darkened path, although considerable, is 
almost wholly wiped out in traversing the summer 
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Montreal on the 24 m test are shown in Fig. 18, where 
the full-line curve shows the average values and the 


‘dots represent individual observations. Fig. 19, showing 


the daylight variation of signal strength of the Canadian 
beam, received in Chelmsford on the Ist October, 1926, 
is given as a comparison. 

The relative values are likely to be fairly accurate, 
but in the present state of calibration of the signal- 
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measuring apparatus the author would not vouch for 
the absolute accuracy of the results in microvolts per 
metre. It will be seen that there is an intensity of 
variation of at least 500 to 1 during the daylight hours, 
and this may be increased still more during the night 
hours, when the signals keep up a relatively intense 
level of strength. 

In both cases the signals are strongest in the all-dark 
period, and tail off on both sides to the all-light period, 
at which time they are little more than just audible 
on the 4 kW set. This suggests that this distance, i.e. 
5 100 km, is approximately the limit of the daylight 
range with this power on the 4 kW transmitter. This is 
roughly confirmed by the observations made by Mr. 
Allnutt on the S.S. '' Glenamoy,” who lost the daylight 
signals between the distances 6 180 and 7 130 km. 

It would therefore appear that the extreme summer 
daylight range (of this particular set) is approximately 
6000 km (probably nearer 5 000 km for full daylight 
conditions). 

On the other hand, observations at Sydney give us 
an estimate of the winter daylight range, for at 24 00 
G.M.T. signals are just audible in Sydney, but at this 
time the first part of the path, amounting to about 
7 500 km, is in darkness, the remaining 9 500 km being 
in the winter light. 

It follows that in the winter, daylight ranges as great 
as 9 500 km can be reached on this wave. 

These observations confirm the accuracy of the 
reasoning explaining the reversal of the time of minima 
of the Sydney signals with the season. 

It is interesting to compare the consistency of these 
results with the long-wave results obtained in the 
measuring expedition made to Australia,* for these 
results give a measure of the ratio of the winter and 
summer daytime attenuation. From the results 
obtained here we may estimate the approximate ratio 
of the summer to the winter attenuation; it is approxi- 
mately 0-0012/0-0016 = 0-75, which is therefore the 
ratio of 4/(a,/o,), where o, is the winter value of the 
conductivity, and g, the summer value of this quantity, 
but on the short wave the winter and summer daylight 
ranges should be inversely proportional to ø, that is 


Summer range/Winter range = — = w = 0:634 
9500 c, 
where the accented values of g refer to the short-wave 
determination of o 4/ (o, Jo,) = 4/0-634 = 0-795, which 
is roughly in agreement with the previous value (i.e. 
0-75). 

24-m test at Buenos Aires and Rio.—Regular observa- 
tions of this test at Buenos Aires were prevented by 
the illness of the staff there, but the signals were reported 
as usually legible at 20 words per minute from 19 00 to 
23 00 G.M.T., or practically during the all-dark period. 

We infer from the report that no daylight signals 
were obtained. Rio reported Chelmsford “ R6 during 
dark," from which it may be inferred that daylight 
signals are also unheard there. 

In view of the fact that the maximum daylight range 
on this wave-length was only 6 000 km, it is not sur- 


* Rounp, ECKERSLEY, TREMELLEN and LuNNON : Loc. cit. 
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prising that nothing was received during the daytime, 
for the distances are respectively 11 000 km to Buenos 
Aires and 8 300 km to Rio. 

24-m test to South Africa.—The results obtained in 
South Africa are in practically all respects anomalous. 
In fact the reports indicate that signals are only received 
close to the sunset periods, and that even then they 
are weak compared with signals received in Montreal, 
Buenos Aires, Rio or Sydney. During the all-dark 
period, which, according to our other observations, 
should afford good transmission, practically nothing 
was received except for a weak signal at 22 00 G.M.T. 

Report from S.S. '' Glenamoy"’ (wave-length 24 m).— 
Table 1 gives a summary of the results obtained on 
the S.S. “ Glenamoy " by Mr. Alinutt up to the llth 
August, when the new programme from 17 00 to 22 30 
G.M.T. was started. The occasions marked with a 
cross are those when a programme was not sent at the 
scheduled time owing to transmitter trouble. 

There is no further written report on this later pro- 
gramme, 11-13 August, but a telegraphic report states 
that good signals were received at this time without 
atmospherics, even when the latter were so intense that 
all work on 600 m was stopped. 

Full daylight signals, i.e. when it was local midday 
half-way along the path, ceased shortly after Port 
Said, i.e. at a distance of about 3 200 km, but early- 
morning signals, i.e. at about 07 00 to 07 30 G.M.T., 
when the ray was still wholly in daylight (but not full 
daylight), were receivable up to between 6 000 and 7 000 
km. Here again is an example of reversal of conditions 
when using short waves as compared with long waves. 
For with the latter there was usually an intensity peak 
when the local midday was half-way between the 
transmitter and receiver, while with the short wave 
there is an intensity minimum. 

At night time, although the results are rather meagre, 
the attenuation is apparently so small that there is no 
indication of an appreciable falling-away of signal 
strength with distance. Of course, small changes of 
signal strength cannot be estimated by ear, so that 
the change was probably greater than that recorded. 
In this connection it must be remembered that there may 
be an actual increase of the signal strength with distance, 
implying, of course, not a negative attenuation co- 
efficient, but merely that the places at greater distances 
afford a better target for the rays, as already explained. 

The effect is more marked on the shorter waves. 


GENERAL DISCUSSION or RESULTS ON AND BELOW 20 M. 


It is difficult to generalize on the large mass of detail 
obtained, but it is clear that in general a decrease of 
wave-length tends to decrease night signals and increase 
day signals. Thus below 17 m there are no signals when 
the path is wholly in darkness. This fact might be inter- 
preted on the ray theory as indicating that at night 
time below 17 m the bending is insufficient to bring the 
rays down anywhere on the earth's surface, but there is 
an alternative explanation. Another general fact that 
emerges, is that, as the wave-length is reduced, the 
time during which signals can be received gets less and 
less and appears to tend towards the times during which 
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the ray is wholly in the light. It is, of course, difficult 
to estimate the relative strengths on different waves, 
since the receiver characteristics are likely to control 
the changes, but it appears likely that below about 
17m the maximum signal strengths obtainable decrease 
with the wave-length. 
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It is interesting to note that at midday here when 
strong signals can be received in Sydney, nothing is 
received at Buenos Aires. The path to Buenos Aires 


(11000 km) is then wholly in daylight, while the path 
to Sydney is 9350 km in daylight and the rest 
in darkness. 


It seems curious that the extra 1 650 km 
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20-m tests.—These indicate an intermediate condition 
between all-night and all-day transmission. At Sydney 
the chief difference between this and the 24-m test is 
the increase in strength of signals in the half- light and 
half-dark periods (see Fig. 20). 

Perhaps the most surprising result is their strength 
about midday here, which rises to approximately R5. 
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of daylight path to the Argentine should make such 
a marked difference, but this may be due partly to 
the fact that the latter path is largely in the low 
latitudes, where daylight attenuation is large, whereas 
the more illuminated part of the path to Australia 
at the same time is in high latitudes and near the shadow 
band where the day attenuation is relatively small. 
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This is a favourable condition for transmission as the 
attenuation over the first half of the path in daylight 
is not too great, and the bending is probably greater 
than in the all-night condition when the total attenuation 
is less. 

At Buenos Aires the strength is sufficient to give 
signals readable at 25 to 30 w.p.m. throughout the dark 
period 19 00 to 06 00 G.M.T., but it tails off during the 
half-light, half-dark periods. 


Perhaps the most interesting feature of the results 
obtained at Montreal is the absence of the late night 
signals (10 00 to 07 00 G.M.T.), and the probable in- 
crease of the daylight signals (no programme was sent 
between 12 30 and 19 00) (see Fig. 21). 

Signals in South Africa are audible for short periods 
only near sunrise and sunset, and in this respect are 
anomalous and difficult to explain on the foregoing 
theories, where we should expect that signals should be 
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obtainable through the whole of the all-night period. | major portion of the path (approximately 9 200 km) 
It may be surmised that the low latitudes at night are | was in daylight. 

not richly supplied with ions (most of which are driven 17-m tests.—These tests were carried out at various 
to the poles by the earth's magnetic field), and that it | times between the 9th September, 1925, and the 8th 
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is probably difficult to bridge the gap directly from , January, 1926, so that we have an indication of seasonal 
north to south when all-night conditions obtain. as well as other changes (see Figs. 23-27.) 

S.S. ''Glenamoy."—During this test the SS. The tendencies exhibited in the previous 20-m tests 
" Glenamoy " was approaching Shanghai and was in | are exaggerated. Thus there is an improvement in 
dock there on the 4th and 5th September (see Fig. 22). | daylight transmission and a deterioration in night 
sHere, contrary to the South African results, the signals | transmission. 
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;are a maximum during the all-dark period, i.e. 19 00 At Sydney the half-light, half-dark peak from 12 00 
to 2210 G.M.T., although the distances are approxi- | to 16 00 G.M.T. is still further exaggerated, and we have 
‘mately the same, viz. 9 200 km to Shanghai and 9 700 km | reports of very strong signals received in that period. 
to South Africa. The path to Shanghai is in the higher | There is a small secondary peak at 21 00 when the short 
latitudes. Nothing was received in the all-daylight | path is practically wholly in darkness. This indicates, 
‘period, although signals started to come up at about | in comparison with Fig. 20, a reduction in all-night 
1100 .G.M.T. just after sunset at Shanghai when the | transparency. 
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Perhaps the most striking characteristic is the absence 
of the other half-light, half-dark peak, which one would 
expect to occur at 02 00 to 03 00, for at this time the 
conditions of light and darkness are exactly similar to 


the ray then passing through daylight in the northern 
hemisphere and through a nearly equal amount of 
darkness in the southern hemisphere. If the character- 
istics of transmission are reversible, then a ray sent out 
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those which obtain at 15 00 when strong signals can be 
received. The only difference is that Sydney, the re- 
ceiving station, is then in the light, and Chelmsford, 
the transmitter, is in darkness, the relative amounts of 
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from Sydney at 12 00 G.M.T., i.e. when the transmitter 
would be in darkness and the receiver in daylight, 
should be received with the same intensity as before. 
But, except for the fact that the southern and northern 
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light and dark being the same as in the 13 00 transmis- 
sion. 

The argument that may be used to throw the implica- 
tion of these results into a clearer light is the following : 
When transmitting from Chelmsford at 1200 G.M.T., 
say (midday), very good signals are received in Sydney, 


hemispheres reversed, this is the exact condition of 
affairs at 00 00 G.M.T. when transmitting from Chelms- 
ford to Sydney. The signals therefore should be of 
the same or approximately the same strength at this 
time, i.e. 00 00 G.M.T., as at 12 00 G.M.T., unless there 
is some difference between the atmospheric conditions 
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in the northern and southern hemisphere, which seems Buenos Aires.—On this wave-length all-day signals 
unlikely in view of the fact that the test was made very | begin to appear at Buenos Aires. Thus, as Fig. 26 
Close to the period of equinox when the conditions in | shows, signals can be received except for a minimum at 
the northern and southern hemispheres, as far as winter | 1400 G.M.T. when local midday is half-way between 
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and summer are concerned, are similar. The actual | the transmitter and receiver from about 12 00 to 1800 
observed results therefore imply an irreversibility in | G.M.T., and speeds between 10 twice and 12 once. 
signal transmission or a seasonal effect, implying a | There is a peak about 22 00 G.M.T., and when night 
difference in the state of the upper atmosphere in the | conditions are thoroughly established, i.e. after 2400 
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northern and southern hemispheres at the time the | G.M.T., the signals disappear. This suggests that this 
tests were made. Since, as will be shown later, seasonal | wave-length is so short that there is insufficient bending 
effects do not appear to make any marked difference, | at night to bring down any of the rays at Buenos Aires. 
the evidence is in favour of some irreversible effect. | This is in agreement with the fact that all-night signals 
No direct test of this has, however, been made in the | have practically disappeared in Australia on this wave- 
absence of a suitable transmitting set in Australia. length. 
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Moníreal.—No report on the original test (9-12 
September and 28th September-2nd October) was 
received, presumably because it was unsuccessful, but 
the results obtained in a later test, 4th and 5th December, 
are shown in Fig. 27. 
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conditions ; it is still uncertain whether the peak will 
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South Africa.—As found previously, signals were 


audible in South Africa only for short intervals close to : 


the sunrise and sunset periods. 

S.S. ''Glenamoy '" and Shanghai.—Signals were re- 
ceived between 0500 and 1200. No reports on the 
programmes between 18 00 and 04 00 were received. 
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between the 15th September and the 29th January. 
As, however, these are mostly winter (northern hemi- 
sphere) tests they do not show any marked seasonal 
changes (see Figs. 28 to 31). 

Sydney.—Nothing was received during the first two 
tests at Sydney. This may have been due partly to 
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In the period between 06 09 and 10 00 the ray path 
was wholly in daylight, and signals varying between 
R, and Rg wcre received, so that on this wave-length 
the daylight range has increased to beyond 9 200 km. 

The seasonal effects in Sydney may be understood 
by reference to Figs. 23 and 24; beyond a slight earlier 
shift of the pcak as winter advances there is little signi- 
ficant changc. 


VoL. 65. 


instrumental difficulties in reception, since no attempt 
to receive on such short waves had been made before. 
In the second group of tests, 8-20 October, we may 
assume that the receiver was functioning properly, for 
signals were obtained. The daylight range is very nearly 
equal to 17 000-km, since signals start just after sunset 
at Sydney when practically the whole path is in daylight. 
They reach a peak about 1100 which is, however, not 
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so strong as the 17 m peak, and die away to nothing at This corresponds, no doubt, to the time of maximum 
about 14 30; during the other partly-light, partly-dark | daylight absorption when the average conductivity of 


period, i.e. 19 00 to 06 00, nothing was received. 


It is significant that absolutely nothing is received 
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results obtained during the period 14-80 January are 
exactly similar. 

The transmission characteristics are quite similar 
to those on 17 m, and the same argument as regards 
irreversibility applies on this wave-length. 
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signals when the ray path is wholly in darkness. 
Montreal.—The results obtained are a little un- 
certain as there were tests during which nothing was 
received, which, according to later observations, might 
reasonably be expected to have yielded some results. 
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Buenos Aires.—In the first test the only signals 
obtained were during the period 19 00 to 2130 with a 
peak at 2030, but the later tests indicate that the 
diurnal curve is probably a double-peaked one with 
a maximum at 1100, another at about 2000, and a 
minimum at 1600, a little after the time when local 
noon is half-way between the two stations. (See Figs. 
30 and 31.) 


Thus, unless there is a very great seasonal change or 
day-to-day variability, the nature of the diurnal curve 
should be more or less similar to the 17-m result (Fig. 27). 
There is a sharp rise at about 12 00 (sunrise at Montreal), 
a peak about 1300, a minimum about 1400, and 
another peak at 1500 to 1600 during the later tests, 
15th January, 1926. In the earlier tests, however, 
15-19 September, the signals lasted much longer 
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into the half-light, half-dark period, i.e. until about 


2200 or 2300. No signals were received during the 
period when the path was wholly in darkness. 

At South Africa nothing was received in any of the 
15-m tests, and no further reports on any transmissions 
were obtained from Mr. Allnutt on the S.S. '' Glenamoy." 


13: 5-m test. 


The characteristics of the 13: 5-m tests are very similar 
to those obtained on 15 m (Figs. 32-35), and the diurnal 
curves show the main results. 


12-m test. 


On shortening the wave to 12m no very marked 
difference is obtained (see Figs. 36-37 for Sydney and 
Montreal). 


10- test. 


A final test on 10 m was carried out on the 17th and 
18th May and the 29th and 30th March (Fig. 38). Sig- 
nals were obtainable in Sydney from about 0715 to 
about 10 00, ie. practically during the all-daylight 
period, but nothing was heard from 10 00 onwards to the 
end of programme at 1930. It is therefore improbable 
that signals were coming round by the long all-day- 

light path. 
-~ Buenos Aires.—Very good signals were obtained 
during the all-daylight period 1215 to 1440 on the 
18th March, but in the further test from 12 00 to 19 00 
signals were heard only very weakly throughout the 
whole period. 

Nothing was received in Montreal. 

This concludes the wave-length tests up to date. 
It is abundantly clear from these that all-night trans- 
mission is impossible below about 17 m, and that the 
daylight range increases with decreasing wave-length. 
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wave-length is reduced. There is also some possible 
asymmetry or irreversibility which results in good 
transmission during the early daylight here (Chelmsford), 
without a similar peak in the early night hours. 


COMPARISON OF RAISED AND LOWERED AERIAL. 


A special test was carried out during the period 
19-22 August, 1925. Table 2 gives the comparative 
results. 

TABLE 2. 
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The test A was with the aerial raised and B was with 
it lowered. 

in every case except one the strength was greater 
from the raised aerial than from the lower aerial, and in 


10 
ydney (10metres) 17^ Mar.,1926 

8 (S.R)Chelmsford — (S.SSydney (S.OChelmsford (S.R)Sydney 
v 
íi 6 
g 
[ 
& A Top aerial 
b 4 B ------Centre « 
v 
2 
«€ 
e 2 
20 
v 

0 0400 0800 1200 1600 2000 G.M.T. 2400 

: S.R - Sunrise S.S- Sunset 
Fic. 38. 


Transmission to Buenos Aires and Montreal on and 
below 15m occurs practically only in the all-daylight 
hours, with a slight tendency to be prolonged beyond 
nightfall here. 

In the Australian tests the period of transparency, 
as we may call it, tends to the all-day period as the 


some cases good signals (R6) were received from the 
upper aerial, while none were received from the lower 
aerial. As each point on the R scale means at least a 
2/1 increase in signal strength or 4/1 in energy, we can 
get a conservative estimate of the ratios of the signals’ 
energies received when using the upper and lower aerials ; 
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these are recorded in the last column of tbe table. 
Neglecting the infinite values, an average of at least 17 
times the energy value is obtained, i.e. 4 to 5 times the 
signal strength. 

These observations are admittedly rather scanty, 
but as far as they go they entirely confirm the theory 
on which these experiments are based. 

In confirmation of this a recent experiment conducted 
by Mr. Alexanderson of the Radio Corporation of 
America may be cited. A comparison was made of a 
-wave earthed aerial, and a -wave unearthed aerial 
in a transmission on about 50 m from the United States 
to England. Signals from the -wave unearthed 
aerial were reported as very much stronger than those 
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three aerials were of the same shape, only differing in 
some cases in intensity. In the 17-m test, 6-8 January, 
there was very little significant difference between the 
three transmissions, although there seems little doubt 
that C is on the average a little worse than the others. 

In the 15-m test there is quite a marked difference 
between the A, B and C transmissions at Sydney, C being 
always the worst. The greatest differences occur when 
the signals are weakest. 

At Buenos Aires À and B are nearly the same, but 
Cis very much weaker, while at Montreal there was very 
little difference between A, B and C. On 13:5 m the 
characteristics are similar to those on 15m. There is 
perhaps a little more difference between A and C at 


30 
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Fic. 39.—Range/wave-length curve (daylight, summer). 


from a }-wave earthed aerial. A glance at Figs. 6 and 7, 
which shows the theoretical radiation from these two 
types of aerial, explains at once the superiority of the 
former aerial. 

The experimental result may again be considered to 
confirm the theory. 


HEIGHT TESTS. 


Some of the later tests also included a comparison 
of the transmissions from aerials at different heights. 

These aerials were arranged one at an approximate 
height of 70 m, another at half the height, i.e. about 
35 m, and the third just above the surface of the earth 
(a mean height of about 7 m). 

These transmissions are labelled A, B and C in the 
figures and in the tables. The test on 24 m has already 
been described, and showed that the transmission from 
the upper aerial was considerably stronger than from 
the lower aerial. Further tests were made on 17, 15, 
13-5, 12 and 10m respectively. 

On all the wave-lengths the diurnal curves from the 


Sydney, while Buenos Aires and Montreal are the same 
as before. 

On 11:5 m, 26th and 27th February, the difference 
appears to be exaggerated; apparently from the re 
port only A was heard in Sydney. 

In Buenos Aires A and B were practically equal, 
and C much weaker. Transmission B appeared to be 
the strongest in the 10-m tests and C was not heard. 
All three were heard in Buenos Aires, but in order of 
strength B, A, C; nothing was heard in Montreal. 

Summarizing, we may conclude that the lowest aerial 
is always the worst, and that there is not much difference 
between the two upper aerials. The contrast in strength 
between the two upper aerials and the lowest aerials 
increases as the wave-length is reduced. 

These results are what might reasonably be expected 
on previous theory. The grounds for expecting an 
improvement in transmission as the height is raised 
have already been given. That the contrast between 
the upper and lower aerials should increase with 
decreasing wave-length is also clear, because as the 
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latter decreases transmission is concerned more and 
more with the rays which proceed horizontally, and it 
is obvious from the polar curves that the contrast in 
strength of the rays from the upper and lower aerials 
is greater the less the angle of elevation of the rays. 


DAYLIGHT RANGE. 


From the results obtained we can get a rough estimate 
of the daylight range in the region between 24 and 10 m. 
These are plotted in Fig. 39, where the abscisse re- 
present the wave-length and the ordinates a number 
inversely proportional to the range. That the range 
increases rapidly as the wave-length is reduced is 
obvious from the fact that the all-daylight range to 
S.S. “ Glenamoy " was only about 5000 km on 24m 
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(where d - range) 


10° 
a 


where the bending is insufficient to bring the ray down 
to earth again. 

It appears possible that we are approaching the 
daylight limit at 10 m, for the signals from the lowest 
aerial which are projected at a fairly high angle do not 
appear to return to earth, or only very weakly, at 
Buenos Aires, and a slight reduction in the wave- 
length should be sufficient to cut off the rays even from 
the upper aerial. 


ATTENUATION. 


The evidence for the existence of attenuation, which is 
specially marked in day transmission, is rather scattered 
throughout the paper, and it would therefore be more 
convincing if collected and put in as clear a light as 
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Fic. 40.—Range/wave-length curve. 


(in summer), while the range on 10m is somewhere 
between 17 000 and 20 000 km. 

The results show that the range increases very approxi- 
mately in proportion to the square of the frequency, 
a result which is in agreement with the theory. 

Some of the Poldhu transmission results have been 
examined and give the curve shown in Fig. 40, which is 
also of the same form. The theory of day transmission 
seems very adequately confirmed by these results. 

One of the objects of these experiments was to find 
the shortest wave-lengths on which long-distance day- 
light and night signalling can be performed. That 
such a limit exists there can be no doubt, for every 
progressive decrease of the wave-length decreases the 
bending, and a wave-length must ultimately be reached 


possible. The existence of attenuation implies a loss 
of energy en route, and if there is no attenuation there 
is no energy loss. Now the evidence points to the exist- 
ence of a very definite limiting range of transmission 
beyond which no signals are heard. This range is a 
function of the wave frequency, season, latitude, etc. 

The evidence of such a limiting range definitely implies 
a loss of energy, at least as regards the space between 
the earth and the Heaviside layer in which the waves 
are supposed to travel. This loss may be attributed 
to three possible causes :— 


(1) Energy lost by attenuation in the earth's surface. 
(2) Energy lost by attenuation in the Heaviside layer. 
(3) Energy lost by escape through the layer. 
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Taking (3) first, the general theory of refractive ray 
bending comprehends the possibility of energy escape 
through the layer, but necessarily implies that rays 
with less than a certain limiting angle of elevation 
cannot escape during any part of their career. All the 
energy lost due to this agency occurs in the first few 
hundred miles, and a gradual energy loss increasing 
with the distance is foreign to the whole idea of re- 
fractive bending. The only conceivable mechanism 
producing such an effect would be irregular scattering 
from more or less massive ionized clouds. Such 
scattering may occur to a minor extent, but there 
is no immediate evidence of it. 

The energy lost in earth attenuation cannot be a very 
serious factor, as far as the author can see, except in 
the near neighbourhood of the transmitter and the 
receiver. As in the case of long-distance long-wave 
transmission, it is likely to produce a definite reduction 
of signal strength which, beyond a certain distance, 
will not increase with the distance. 

Furthermore, although there is no numerical confirma- 
tion, the effect of the nature of the intervening country 
does not seem (in long-distance transmission) to be of 
much consequence, and since the reflection coefficient for 
sea water * is almost perfect for even the shortest waves 
considered here, losses by multiple reflections from the 
surface of the sea are not likely to amount to much, 
and therefore earth or sea attenuation is not likely to 
be appreciable. Also the earth loss will increase rapidly 
with the frequency, whereas the observed loss decreases 
as the frequency is increased. Finally we are left with 
attenuation in the upper conducting layer. This 
hypothesis seems to the author to be confirmed by the 
following evidence :— 

In the first place the range seems to vary very 
approximately as the square of the frequency (see 
Figs. 39 and 40) and it therefore follows that the attenua- 
tion constant is inversely proportional to the square 
of the frequency, which, as has already been shown, 
is exactly that which the assumed mechanism of upper 
layer absorption requires. 

In the second place the magnetic-storm effects can 
only be adequately explained on the assumption that 
on this range of wave-lengths there is an absorption 
coefficient proportional to N the ionic density, and 
increasing in proportion to N on occasions of magnetic 
disturbances. 

Again, the diurnal, seasonal and latitude variations 
of long-distance ranges can be naturally explained on 
this assumption, as well as the contrast between long- 
wave and short-wave transmission characteristics in 
this respect. 

Finally, the agreement between the observed and 
calculated signal intensity in the jump-over range, 
based on the assumption of the existence of attenuation, 
suggests that this is one of the main factors in short- 
wave transmission. 

Put rather crudelv, although the ray-bending theory 
explains the fact that signals can be heard at the other 
side of the world it fails to explain many other facts, 
for instance, of a range proportional to f? and the seasonal 
variations of this range and various other factors 


* 8$ per cent for even normal incidence. 


ECKERSLEY: SHORT-WAVE WIRELESS TELEGRAPHY. 


enumerated above, and for this reason the author con- 
siders that attenuation must be taken into account in 
building up a comprehensive theory of short-wave 
transmission. 


Ray PATH. 


The direction-finding experiments, if their accuracy 
be deemed sufficient, seem to the author to prove that 
the angle of the ray received from stations situated at 
greater distances than about 1000 miles from the 
receiver is small, say less than 15° to 20°. 

Let us take a specific instance and consider two 
stations A and B, A being the transmitter and B the 
receiver. Then in view of the foregoing experimental 
results the angle of the incoming ray must be small. If 
the ray is reversible, as we have every reason to expect 
it to be, we can reverse A and B, using the latter as the 
transmitter and the former asthe receiver. The energy 
will then retrace its path along the ray, and the receiver 
which is now at A will indicate that the main bulk of 
the energy comes in almost horizontally ; and, since it 
is retracing the transmitted path, the main bulk of 
the energy which was received when B was acting as 
the receiver must have been emitted along an almost 
horizontal ray. There exists, however, the possibility 
that the ray path may not be reversible, so that when 
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we reverse the rôles of A and B the original path will 
not be retraced. 

We can illustrate this possibility in Fig. 41, where 
AOB represents the direct path and BO’A the return 
path. This satisfies the observed receiving condition 
that the angle in reception is small, though the trans- 
mitting angle in both cases is large. It is possible to 
construct a distribution of ionic velocities or steady 
magnetic fields which will produce the effects illustrated 
above, for one pair of paths AB, BA, say, but the 
author finds it almost impossible to construct an example 
in which these characteristics are the same in any 
direction * of transmission, such as is implied by the 
direction-finding experiments which showed uniform 
horizontal reception in every direction. 

In any case these examples imply an irreversibility 
which has in no case been definitely proved. Apart 
from this, the results of the transmission experiments 
which in many cases showed a definite improvement 
on raising the aerial, can be reasonably interpreted on 
the assumption that low-angle radiation is required 
for long-distance transmission, a raised aerial being 
necessary for the supply of such low-angle radiation. 

In view of this evidence it seems very improbable 
that high-angle rays are utilized in anything but more 

* For example, the ionic sa gradient which would produce the rapid 
bending at O of the ray transmitted from A would also produce a a Lending 


at O, in the ray received at A which would bave a high angle o 
contrary to observation. 


incidence, 
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or less local transmission. Theoretically, the whole of 
the arguments in this paper rest on the assumption 
that high-angle rays are very highly absorbed, and 
although it would be arguing in a circle to accept this 
as a proof of the point, the evidence for the absence of 
high-angle transmitted rays may be more readily 
accepted in view of its connection with the evidence on 
other points, e.g. the evidence afforded by the intensity 
measurements in the '' jump over " distances. 

It seems to the author to be clear from the foregoing 
results that :— 


(1) Absorption is the chief factor controlling the 
range of daylight signals. 

(2) The effect of raising the aerial is in general bene- 
ficial, although there are conditions under which 
the lower aerials are as good as the high aerials. 


Taking this evidence in conjunction with that obtained 
from the direction-finding experiments we may state 
that :— 


(3) Long-distance transmission is effected by rays the 
trajectory of which makes a small angle with 
the earth’s surface, say, less than 20°. This 
angle may be less or greater than the polarizing 
angle. In the former case an increase of 
signal will be obtained on raising the aerial; 
in the latter the gain will probably be negligible. 
From the practical point of view it would seem, 
in general, wise to raise the aerial not only 
to get clear of local obstructions, but also to be 
certain of radiating sufficient low-angle energy 
to get the best results. 

(4) The trajectories follow the great-circle paths 
(except possibly within the ''jump over” 
distance where there may be high-angle re- 
flections together with scattered radiation). 


THEORY. 


It would be as well to discuss at this stage the theory 
of short-wave transmission in the light of these and other 
experiments, 

There seems little doubt that, in the main, ionic 
refraction is responsible for bending the short waves 
round the earth. This ray theory, as we may call it, 
has been worked out very fully in America, but in the 
author's opinion the results are very largely discounten- 
anced by the neglect of absorption. 

It is hardly necessary to go into the details of this 
theory. Itis known that the phase velocity of a wave 
in a medium containing electrons and ions is greater 
than that in free space, and on the assumption that 
the atmosphere above the earth is ionized it is possible 
to calculate the ray paths when the ionic density is a 
known function of the height. On account of the 
increased velocity with height, the ray is, in general, 
carried downwards towards the earth. As a method 
of calculation this refraction theory is very convenient, 
but on the phase velocity theory it is difficult to picture 
physically the reason for this bending of the ray. In 
order to give a physical picture we can approach the 
problem much more directly from a mechanical point 
of view. A wave has momentum, and if it is reflected 
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at a mirror the latter is pushed back. The amount of 
momentum is HH/47 and is directed along the ray. 

When the ray is bent this momentum changes, and 
in order to preserve the conservation of momentum 
there must be something to take up this change of 
momentum. It is natural to attribute this to the 
ions and free electrons in the layer where the ray is 
bent. A detailed calculation of the movement of the 
ions in the field of the wave shows that they are given 
a drift in the direction of propagation of the wave. 
The change of momentum in the ether is, in fact, equal 
and opposite to the change of momentum of the ions. 
We have in this fact the physical reason for the bending 
of the ray. 

We may consider the process as almost analogous to 
a collision. The ray on reaching the layer gives up in 


collision some of its momentum to the ions and has its 


momentum accordingly altered, and the ray is deflected 
like a stream of water on a fixed plate. 

Some of the formule of the ray theory receive a 
physical explanation in this manner. Thus it is known 
that there is a critical frequency for a medium of given 
ionic density. Suppose, for instance, that there are N 


N 


fy 
“Ley YZ 4 GY, Yep ipa 77 
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electrons per unit volume of charge e and mass m, then 
the phase velocity in the medium is 


IE. 
vü - ff 
where f is the frequency, and the group velocity is 
U —cv( — RIP) 


The group and phase velocities tend to become zero 
and infinity respectively as f approaches the critical 


frequency fo, where 
Ne?c? 


nmm 


B= 


It can be shown that the demand for momentum by 
the electrons tends to equal the total supply by the 
waves as this critical frequency is approached. Under 
these conditions the wave is wholly robbed of its 
momentum and can travel no further; hence the zero 
group-velocity. 

Again, if a ray leaves the earth at an angle of eleva- 
tion 0 (see Fig. 42) and is bent down in a layer whose 
surfaces of equal density are parallel to OP, the following 
relation results from the ray theory : 


k 
sin? ĝ -h = nee 


f^ mmf 


where N is the ionic density at the apex of the ray path. 
Looked at mechanically the total change of momentum 


(1) 
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of the ray is 2M sin 0, and this should equal the gain of 
momentum of the ions, i.e. 


s(n, =, 8) 2.2... (Q9 


a function which increases with N, and although this 
function cannot be calculated without some trouble, 
the general agreement between (1) and (2) is apparent. 

We may put it in this way: The higher the angle of 
elevation 0 the greater is the total change of momentum 
in the ray, and the greater is the number of electrons 
required to carry away this momentum, i.e. the greater 
is N, high-angle rays penetrate to regions where the 
ionic density is greater, and the physical reason for (1) 
is apparent. 

The author has taken some trouble to express these 
relations not merely with a view to giving a clear physical 
picture of the processes involved, but to show that there 
may be produced certain effects not included in the 
ordinary ray theory, which neglects the second-order 
effects due to the mass motion of the ions which the 
complete theory shows must exist. 

One fantastic notion is to use a sufficiently intense 
beam to blow a hole through the Heaviside layer. The 
intensity required would, however, be enormous. An 
idea of this energy can be derived from the following. 
The energy required in the wave when this is near the 
critical frequency (i.e. under the most favourable con- 
ditions) is à N moc, where N is the number of electrons 
per cm?, mg their mass, and c the velocity of light. 
For N = 105, this comes out at about 0-1 erg per 
cm?, The power radiated per cm? would then be 
8 x 109? x 10-7 = 300 watts, and the whole of the 
power from a 30 kW station would have to be con- 
centrated in a beam of only 100 cm?, 

Although this idea is fantastic, there may be some- 
thing in the notion that the ether waves in the space 
between the earth and the Heaviside layer help to hold 
the latter aloft. 

There is another effect that may be within the bounds 
of possibility; with reasonable intensities, average 
mass motions of the order of (1/109) x (velocity of 
light) may be produced. In these conditions the 
reflected or refracted wave will (on account of the 
Doppler effect) differ in frequency from the direct ray 
by 1 in a million, and will produce beat notes of from 
] to 10 a second with the direct ray. 

Finally, the mass movement of the electrons intro- 
duces a non-linearity into the equations and this may 
account for irreversible effects. 


ATTENUATION. 


In the previous references to the results of our long- 
distance tests we have had occasion to refer to the 
effects of attenuation and have shown that the day 
range is roughly proportional to the square of the 
frequency, and we have,stated that this is in accordance 
with the theory. 

since the American papers have neglected this, and 
since it appears from actual results to be of some 
importance, no excuse is needed for entering into the 
matter in some detail. Perhaps the simplest way to 
determine the attenuation is as follows :— 


In tbe first place we calculate the motion of the ions 
in the electric field of the wave. 

Let E be the electric force in the wave and 
w = (2v X frequency), then E is employed partly in 
accelerating the ion or electron. 


Thus Ee — em 
ot 


Let us suppose that the electron is moving in a medium 
containing other ions and molecules so that collisions 
are occurring. 

Let the average time between collisions be T and the 
average momentum given up to the molecule in the 
inelastic collisions kmv, where k is a fraction less than 
1, depending on the nature of the collision. 

Then the rate of supply of momentum in collisions is 
k(mv[T), so that 

Qv 


Ee PME 


+k— 
T 
Since all the quantities are periodic and of angular 
velocity w = 2f we may write 
: km 
Ee = mio» + ps 


or v = Be] (miw + =) 


Now the R.M.S. energy wasted is HI, where { is the 
part of J,, the current in phase with E. 


Tii Nev = NeR | (miw 4 =) 


mw? + (k*m?[7?) ( RE" 
| N E?e? km 


=e OO who 3. Em T 


To obtain the attenuation factor proceed as follows : 
The power supplied through unit area perpendicular 


Ray 


Fic. 43. 


to the ray (see Fig. 43) is cE?/(47), and the power wasted 
in a slab of thickness dz is 


N E?e?km 
mew? + (krm?[12) 
E?c N E?e? km 
—— = — >’ = aE?d 
so that d "ps mo + (mfr?) rs a E*dz 
: d E 
"nt dx ám 


and E = Ege- trio 
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and the attenuation coefficient is 
im | (mte? au 
4m Ne?c 22 (m co? + = 
when w is large compared with the effective collisional 
frequency k/r. s 
This becomes T Maii ° ia 
c mw 2T 
and varies inversely as the square of the frequency, as 
stated previously. 

It is on these grounds that the experiments which 
showed Range œf? indicate the important part played 
by attenuation in long-distance transmission. 

It should be noted, however, that in comparing the 
ranges on two different wave-lengths the attenuation 
will only vary as f? if the ray path is the same in the 
two transmissions. Again the attenuation is propor- 
tional to N. We have had occasion to notice that the 
attenuation was greater (range less) in summer than in 
winter. Now we should expect on physical grounds 
that the ionization and therefore N should be greater 
in summer than in winter. 

Hence the greater attenuation on short waves (in 
daylight) in summer than in winter. 

Perhaps the most significant facts bearing on this 
question are those associated with sunspots and magnetic 
storms. It is now common knowledge that :— 

(1) Short-wave transmission has been affected un- 
favourably in times of magnetic storms associated with 
sunspot activity. In particular, the Canadian beam 
signals were largely reduced and at times practically 
wholly obliterated during the last two magnetic storms, 
ie. 20th September and 15th October, and at the same 
time other short-wave services were adversely affected. 
In the author’s opinion the coincidence of these 
effects with those of the magnetic storms recurring 
every 27th day entirely does away with the suggestion 
that these bad periods were accidental coincidences with 
magnetic activity. 

The generally accepted theory of these magnetic 
storms is that they occur when the electrified streams 
associated with the sun’s sunspot activity sweep across 
the earth and increase the conductivity of the earth’s 
upper atmosphere either directly by increasing the 
number of charged particles or indirectly by ionization 
(collisional or otherwise). 

Under the magnetic-storm conditions, therefore, the 
ionic density N is probably greatly increased so that 
there is a corresponding increase of attenuation and 
decrease of long-distance signals. 

The most violent effects were produced on the trans- 
missions in which the ray passed close to the magnetic 
poles, where, of course, the ionic disturbance is greatest. 
In general all these effects find a very natural explana- 
tion on the attenuation theory, but the author can find 
no plausible explanation of these effects on the ionic 
refraction theory alone (neglecting absorption). 

For these reasons the author considers that the layer 
responsible for the daylight transmission characteristics 
is situated in a region where the attenuation (due to 
collisions) is appreciable. Baker and Rice in attempting 
to explain the ''skip distances" have arrived at the 
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conclusion that the ray rises to heights comparable 
with 200 to 300 miles. In the author's opinion these 
conclusions are entirely negatived by the above con- 
siderations. 

In order to get a numerical estimate of this attenua- 
ton at different heights we may put the attenuation 
in the coefficient in the following simple form. When 
the frequency is very high the absorption coefficient is 


Ne? ck 
44r e ——  — 
mo? 2r 


If 7, = 7/k is the effective time between collisions 


Now 


where fo is the critical frequency, and 


OS f Bor 


Now cr, is the distance d, the wireless wave has 
travelled in the time interval between collisions; the 
signal will be attenuated e~(0/2!) in the distance dj. 

If the ray starts out at an angle 0 it passes through 
regions of varying density up to a maximum density 
given by 


Nec? : 
R= — —f?sin?Ó - 


ie. sin? 0 = f2//?. The maximum attenuation en route 
which occurs at the apex of the ray will therefore be 
sin? Ük/(2cr). This expression is designed to exhibit 
the dependence on the observed quantity sin 0, which 
from the direction-finding experiments is known to be 
small. 

Unfortunately this expression cannot be used to 
calculate the essential physical constant 7, for firstly 
the total absorption (over long distances) is not accu- 
rately known, and secondly this only gives the maximum 
absorption (at the apex of the ray), and the average 
absorption may be a small fraction of this, depending 
as it does on the path of the ray in the layers of varying 
density, that is upon the distribution of ionic density 
as a function of height. 

The average absorption will then be a sin? 0k/(cr), 
where a is some distribution factor. It is to be noticed 
that if the layer is sufficiently sharply defined, a may 
be very small, for the reason that in this case the 
penetration into the layer and distance travelled by the 
wave in it can be made as small as we please by making 
the transition layer sharp enough. 

Estimates of T.—This quantity is a very important 
factor in wireless transmission, for it practically entirely 
controls the nature of the transmission. 

It cannot be too strongly emphasized that the differ- 
ence between long- and short-wave day transmission 
is entirely controlled by tbis value of 7. The results 
of long-wave measurements (fully discussed in the 
paper on signal measurement) leave little doubt in 
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the author’s mind and, he hopes, in others, that trans- 
mission takes place in the region between the earth 
and Heaviside layer, the latter acting like a metallic 
conductor so that the absorption factor, as calculated 
by Watson and determined by experiment, is inversely 
proportional to the square root of the wave-length, 
and also inversely proportional to the square root of 
the conductivity. This result follows from practically 
any layer theory if it be assumed that the mechanism 
of the layer is such that the electric force in the wave 
produces a free ionic current in phase with it. Sucha 
type of mechanism the author calls a metallic con- 
ductor to distinguish it from the “ dielectric ” in which 
the free ionic current is 90? out of phase with the 
electric force.* | 
It only needs a cursory glance at the formula 


_ NeE 
~ miw + km[v 


to see under what conditions these two types of con- 
duction occur. 

It is at once obvious that k/r is large compared 
with w or 27/7, where T is the time period of the waves. 


|. Nee 
~ kmjr 


and the current is in phase with E and “ metallic con- 
duction " appropriate to long-wave transmission occurs. 
This condition may be put in the form 


2qrT 
T >> y 


i.e. the time period of the waves must be long compared 
with the effective time between collisions. On the other 
hand, if the time period of the waves is short compared 
with the time between collisions so that the electrons 
or ions can execute many free oscillations before 
colliding with a molecule, the dielectric type of trans- 
mission occurs,. characterized by a decrease of attenua- 
tion with increasing frequency. 

These facts can be used so as to give limits between 
which 7 must lie. The author is of opinion that we 
may safely class all waves longer than 1 000 m, say, as 
long waves and all waves shorter than 100m as short 
waves, that is to say, any increase of wave-length at 
1 000 m produces a corresponding decrease of attenuation, 
and conversely any decrease of wave-length at 100m 
produces a decrease of absorption, so that 2a7/k should 
lie between 10—5/3 and 10-9/3, say 3 x 10-8 and 3x 10-7, 
and 7/k between 310-9 and 410-7. 

We have distinguished long and short waves by their 
attenuation characteristic as functions of the wave- 
length. 

The evidence is strengthened if we use the charac- 
teristic variations of the long- and short-wave signals 
with the ionic density. 

We have already had occasion to notice a curious 


* The author only considers the effect of free clectrons. Those bound to 
molecules are so ideis held that at these wave-lengths they only increase 
the dielectric constant of the air by approximately 0:00:59 x p/po, where p is 
the actual density at the point considered and po is the density at normal 
atmospheric pressure. 
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contrast in the behaviour of long- and short-wave day 
signals which we may express crudely by saying that 
every change in physical character of the layer asso. 
ciated with N, i.e. winter and summer, high and low 
latitude and magnetic-storm effects, which produce an 
improvement in daylight long-wave signalling, a corre- 
sponding deterioration of short-wave signals, and vice 
versa. 
For instance :— 


Short Waves. 


Summer attenuation 
greater than winter. 

Low-latitude attenuation 
greater than high-lati- 
tude. 


Long Waves. 


Summer attenuation less 
than winter. 

Low-latitude attenuation 
less than high-latitude. 

Decrease of attenuation 


under magnetic-storm Increase of attenuation 
conditions. under magnetic- storm 
conditions. 
etc. 


This correlation may be naturally explained as 
follows. 

The long-wave attenuation is proportional to 
1/4/A,/N and short-wave attenuation is proportional 
to A2N, so that any change of N will produce opposite 
effects on long and short waves. The classification of 
long and short waves by this criterion gives rise to the 
same division as previously, so that the limits for A 
seem to the author to rest on rather strong evidence. 

Another more or less indirect way of arriving at 
this quantity depends on the estimated height of this 
layer, and rests on our knowledge of the physical con- 
stitution of the layer at this height. 

In the paper referred to the author gives reasons for 
supposing that the height of the daylight layer was 
between 40 and 60 km. Hollingworth has interpreted 
measurements of the variations of St. Assise signals as 
indicating an interference pattern due to reflections 
at a height of 72 km, and in the discussion on this 
paper the present author has given reasons for thinking 
that the height was somewhat lower. Finally there is 
every reason for considering that this transient day 
layer is below the level of the night layer for which 
the experiments of Breit and Tuve and of Appleton 
indicate a height of 80 km. 

The preponderance of evidence seems to put it at a 
height of about 50 km, probably varying slightly between 
summer and winter, and in different latitudes. 

Now the physical constitution of the atmosphere is 
fairly well known up to heights of about 20 km, but 
beyond that it is rather a matter of guesswork. Chap- 
man estimates that at the height of 80 km the tem- 
perature may be as much as 300° absolute. The 
pressure at that height is 10-5 times the pressure at 
the surface of the earth, and the mean free path of the 
molecules is approximately 5 cm, so that the mean free 
path of an electron will then be 12 cm aud the mean 
time between collisions, considering the molecules 
to be spheres 3 x 10-9 cm diameter, is of the order 
10-9 sec. 

At the lower levels the pressures will be higher and 
the time between collisions consequently less. 
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The following table of pressure up to À km is given in 
the “ Dictionary of Physics " :— 


TABLE 3. 


E (according to Baker 
and Rice) * 


14 0-143 
15 0-122 
16 0-104 
17 0-089 8-5 x 1010 
18 0-076 
19 0-065 
20 0: 0556 
25 0-0254 
30 0-0116 
(Extrapolating) 35 0: 00527 
40 0:00240 | 2-8 x 10? 
45 0-00109 
50 0: 0005 
55 0-0001 . 
60 — 1:4 x 108 (say) 
* Loc. cit. 


At the earth's surface the value of 7 for O, molecules 
is approximately 1 x 10?; for electrons this quantity 
must be increased in the ratio of +/(m/mo), where m is 
the mass of the oxygen molecule and mg the mass of 
the electron, divided by 4 on account of the infinitesimal 
size of the electron compared with the molecule, so that 
T at the surface of the earth (for the electron) is about 
2 x 10H, say. At a height of 55 km, r will be of the 
order 10-8. 

This is rather smaller than estimated previously, 
ie. between 5 x 10-7 and 5 x 10-8, but it must be 
remembered that these two limits are for rfk. 

Now it is known from laboratory experiments that 
k may be a small quantity, for the electron may pass 
through the outer shell of many molecules without 
encountering a direct hit in which an appreciable 
amount of its momentum is given up to the molecule. 
A value of k of 4!; would bring the two estimates into 
agreement. 

This estimate is admittedly of a rough nature, and 
is all that can be accomplished with the present rough 
knowledge of the constitution of the upper atmosphere 
at these heights. 

Anyhow, although it may not be possible to locate 
the layer precisely (on this evidence), the limits between 
40 and 80 km (ie: below the night layer) seem to be 
sufficiently well established. 

Night layer.—In some respects the position of the 
lower level of the night layer is more definitely deter- 
mined. 

The interference experiments of Appleton, as well as 
the experiments of Breit and Tuve and auroral evidence, 
put this layer at the height of about 80 km, at least in 
the higher northern latitudes. In these regions 7 is of 
the order of 10-9 and the effective time between 
collisions may be as much as 10-5. The corresponding 
wave-length which divides long- and short-wave trans- 


mission would then correspond to a time period 
2g x 10-5, say 2m x 3000 m, or 19 000 m, and the 
transmission in practically the whole of the radio range 
would be entirely of the dielectric type, ie. of the 
short-wave daylight type. It should be possible to 
confirm this from the form of the attenuation wave- 
length function (but this is rather difficult to do pre- 
cisely, on account of the variability of the data). 

Perhaps the most significant criterion is that con- 
nected with magnetic-storm effects. As we have seen, 
if the transmission is of the dielectric type, then any 
increase in N such as occurs during magnetic storms 
wil increase the absorption and decrease the signal 
strength over long distances. Now there is a certain 
amount of evidence on this point. The measurements 
of Lloyd, Espenschied, Anderson and Bailey of the 
5 000m transatlantic telephone signals have shown 
quite definitely that there is a very considerable reduc- 
tion of night signal strength (as well as a slight increase 
of day signal strength) during times of magnetic 
disturbance, and these authors have pointed out that 
our own measurements of WII and WSO on about 
15 000m also indicate an abnormally low value of 
night strength during the magnetic disturbances which 
were taking place during these measurements. This 
evidence seems to the author to confirm very strongly 
that night transmission on these relatively long waves 
is of the “ dielectric" type, whereas day transmission 
is of the conduction type. The author has attempted 
to accumulate some rough data as to the night attenua- 
tion on various wave-lengths from about 19 km down- 
wards. The form of the attenuation curve is given in 
Fig. 44 and is admittedly of a very rough nature, 
especially in the neighbourhood of 200 to 600 m. 

It will be seen that for wave-lengths below about 
10km attenuation decreases with the wave-length, 
suggesting, of course, the dielectric type of transmission. 
In one respect this differs from the usually accepted 
ideas of night transmission. 

American writers invariably suggest a maximum 
night attenuation in the neighbourhood of 200 m, but 


the author has never been able to convince himself 


that such an effect exists. In daylight, of course, 
there is no doubt that the range is a minimum about 
200 m, but the author is not at all convinced about 
the minimum night range on this wave-length. This 
supposed effect has been attributed by Nichols and 
Schelleng to a critical effect due to the modification of 
the transmission characteristics by the earth's magnetic 
field. The critical wave is 214 m. 

Recently Meissner* has conducted experiments in 
which north and south night transmissions were made 
in a range of wave-lengths covering this critical value, 
and has found absolutely no critical effect. 

Summary of evidence.—The general radio evidence 
seems to be to the effect that the refraction theory 
refers to short waves in which A « 100 m in daylight, 
and to practically all waves during the night. Long- 
wave transmission in which À « 1 000 m in daylight is 
characterized by metallic conduction transmission 
(between layers). 


* A. Meissner: Hat das Erdfeld einen Einfluss auf die Wellenausbreitungs- 
vorgànge," Elektrische Nachrichten- Technik, 1926, vol. 3, p. 321. 
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Absorption plays an important part in all cases of 
transmission, except perhaps in the case of the very 
shortest waves at night. 

Ship distance.—The ray theory has been successfully 
used to explain and compute what is known as the 
"Skip distance." The evidence for the existence of 
this effect has been largely accumulated by Hoyt Taylor 
in America where the large continental area has made 
it possible to obtain more or less simultaneous measures 
of signal intensity at all distances from a given short- 
wave transmitting station. 

It seems to be an undoubted fact that in the neigh. 
bourhood of a short-wave transmitter signals drop off 
in intensity very rapidly with distance, may disappear 
entirely at distances of 100 or 200 miles, and then 
begin to increase again to a maximum and finally die 
away at very great distances. 


4) 


Attenuation (x10 


increased the target point recedes again until at @ = 0, 
the ray escapes from the earth altogether. 

By making certain assumptions with regard to the 
heights of the refracting layers and the distribution of 
density in them, chiefly chosen, it appears, from the 
point of view of mathematical convenience, that a good 
agreement between the calculated and observed values 
of d, has been obtained. 

But when it comes to comparing observed and 
calculated intensities the picture presented by the 
calculation seems to the author to be very wide of the 
mark. One consequence of the ray theory that is 
significant is that, apart from the direct ray, absolutely 
nothing should be obtained within the “ skip distance,” 
and that there is practically a discontinuity at the 
skip distance. 

In actual fact conditions are nothing like this, 


8 
Wavelength , 
Fic. 44.—Night attenuation. 


The distance skipped in this way appears to depend 
on the wave-length, season and local time. 

It increases with increasing frequency, is greater in 
night than in the day, and in winter than in summer. 
The suggestion is, of course, that the greater the 
frequency the less the bending and the further off the 
main target of the rays. 

The subject has been entered into in full detail in 
the paper of Baker and Rice.* The failure to receive 
signals within the skip distance has been attributed to 
the escape of the high-angle rays, for if there is a 
limiting maximum density Ny in the upper layer, then 
rays of higher angle than 0» (neglecting earth's curva- 
ture), where sin? ĝo = f2/f* = Ne*c?/(amf*), must escape. 
If we consider the sheaf of rays sent out by the trans- 
mitter, the lower-angle rays find their target at a great 
distance; as the angle is raised the target point 
approaches to some minimum value d, corresponding 
to some angle 6,, and as the ray angle is still further 

* Loc.cit. 


Heising, Schelleng and Southworth * have made simul- 
taneous measurements at various distances from short- 
wave stations working on 66 and 44 m, and beyond a 
slight dip at regions of about 150 miles there is no 
sign of a complete disappearance and sudden commence- 
ment of signals beyond the skip distance. In their 
measurements there is only an inc:ease of about 10 to 1. 
This may possibly be exceptional. If we take the change 
in strength at AGB (at Nauen), for instance during the 
late afternoon and evenings, as an indication of a 
transition into the region within the skip distance, as 
night falls the roughly measured intensity change may 
be as much as 1 000 or 10 000 to 1. 

But whatever amount the ratio of intensity of the 
signals within and without the skip distance may 
be, the form of the intensity/distance curve seems to 
be smooth, and there is every indication of high- 
angle reflected or scattered energy within the skip 
distance, contrary to the ray theory. The author 


9 Loc. cit. 
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feels that he will be guilty of suggesting the heresy 
that the escaping-ray theory of the skip distance is by 
no means proved, and suggesting an entirely different 
alternative theory. 

The only evidence we have is that within the skip 
distance the indirect rays (reflected or refracted) are 
either not present (complete skip) or are present with 
very diminished intensity. 

We know that the high-angle rays do not get back 
to earth, but this does not prove that they escape— 
they may get absorbed in the upper regions of the 
atmosphere. If this is the case the estimates of the 
minimum wave-length (for long-distance transmission) 
based on a supposed maximum density are absurd. 

Let us review the evidence in view of the numerical 
estimates of + which we have already found reason for 
accepting. To take a definite case, consider a 30-m 
wave sent up at an angle of 60°. The ray path is only 
affected to the second order by the action of absorption. 
We can therefore calculate the maximum density at 
the apex of the ray path (assuming that it is bent back 
to earth). 

The required density is given by 


fo Ned ., 
[jap nd 
Now we assume sin? § = } (for 60? elevation) 
Nei 
and N =9-1 x 105 


The maximum absorption is, as we stated before, 


l 
= sin? ()— — 
a = sin 0, 
taking l/r, as 107/5, 
sin? ĝ x 10? 10-4 


and Se aorta ee ee BEIDE RUE MET SURPND 
=z x6 xX 3 xX 100 4 


and the absorption will be e-! in 0-4km. The ray 
will be entirely absorbed in a few km. We have in 
tbis a very plausible explanation of why the reflected 
ray is so weak at such angles of elevation. But we can 
go further than this and calculate the intensity curve 
as a function of the distance on this theory. 

In order to make this calculation definite we must 
make some simple and plausible assumption about the 
distribution of ionic density in the upper layer. 

In these calculations the author has supposed that 
the ionic density is zero below a certain level and 
increases uniformly above this height; he has also 
taken a mean value for 7T, the time between collisions, 
and neglected the variation of this with level. These 
simplifications are a great help in an analysis which is 
already complex enough. The trajectories of the rays 
are simple enough for the short distances with which 
we are concerned in the "skip" phenomena. 

The projection of the total distance on the surface 
of the earth is 2(d, 4- dg), where d4 is the projection 
of the ray distance up to the apex A on the surface of 
the earth (see Fig. 45). 


d, = h cot 0 


The value of d9 can be calculated as follows. From 
the ray theory we have: 


de cos ,  cosO(V]Vode Vo)dz 
, V. — (21 Vi) cost 6] 
where z, is determined by the condition that 
E cos? 0 = 1 


0 
where V, is the value of the phase velocity at z}. 


V l 
Y, Vil — Nec? (amf?)] 
and since N is proportional to z we may put it in the 
form 
VIVo = 1V0 — (2/24)] 
where 29 is obviously the height at which the critical 
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FIG. 45. 


density occurs, ie. where 
velocity) tends to zero. 
The integral is then | 
a 


cos Ü 


V->@ and U (the group 


INS. EM 
NI - (da) .. cos dz 


Nm "IF. cost? J v [sin? 6 — (z[z1)) 
D— (qe) "^ 
which finally becomes 
z, sin 20 
so that the total ray distance is 
2h 


"T. + 2z sin 20 


In order to take account of the earth's curvature, 
Ü in sin 20 should be replaced by x, the angle at which 


Fic. 40. 


the ray strikes the layer, which is Ó + 7, where 77 is 
the angle subtended by d, at the centre of the earth 
(see Fig. 46). 

A slight correction of d, (for small angles) must be 
made to correct for the earth's curvature. 

The calculation of the trajectory of the ray is thus 
quite straightforward. The second part of the calcu- 
lation is to get an estimate of the ratio of the output 
signal at O to the input signal at I, that is, to get an 
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estimate of the attenuation en route of the wave travel- 
ling along the ray IAO (see Fig. 47). 

It is obvious without calculation that the greater 
the angle the greater the depth of penetration and the 
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greater the attenuation. Again, the greater the gradient 
of density the shorter the path in the medium and the 
less the total attenuation. Thus the attenuation co- 
efficient should vary as some power of sin x and inversely 


as QN[)z. This short explanation should serve to 
m Observed 
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illustrate the meaning of the actual computed value 
of the attenuation. Thus 


E - sin? x 
o cca MN: AONA F 
Ey 


The attenuation factor varies as sin? xy, inversely as 
0N/dz, and, of course, inversely as 7. 

A striking point is the variation of this quantity 
inversely as the square of the wave-length. This is 
because with shorter wave-lengths not only does the 
ray penetrate to greater depths (where the attenuation 
is greater) but it is also of greater length within the 
ionized medium. This formula can be directly checked 
[for the case of normal incidence (sin x = 1)] by summing 
up the total attenuation along the path, and except 
for a slight difference in the numerical constant it 
agrees with the above. 
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For each value of 0 we have determined 


(1) The distance at which the ray comes down. 
(2) The total attenuation of the ray. 


Then it is possible by taking account of the distance 
factor ie. l/d, to plot intensity against distance. In 
order to do this we müst make some definite choice 
of h, z and T. Now h and r are more or less determined 
by the previous evidence. Thus if for day transmission 
we take h about 50 km, k/r as about 10$ and for night 
transmission h = 80 km and k/7 = 105, the figures will 
be more or less in accord with the previous estimates. 
The only disposable constant is the penetration depth z,, 
which, of course, will be a function of the wave-length. 
This quantity is, of course, the height above the lower 


Estimated curve 
for X - 20 


n 000 1200 
400 
Distance 
initial part overland p = 2 X 10!*; 1 kW radiated. 


surface of the layer at which the critical density occurs 
and will increase as the wave-length is reduced, for we 
have 
(Nec e*c* 
mmf? 


. | | mmf? 
1.€. N, z= ae 


=] 


and, since N, œz 


mmf? 


£1 -rT 
17:723 


The author has taken z as 20 km* (in daytime) for 
a wave-length of 44m (in order to compare with 
Heising, Schelleng and Southworth’s actual measured 
values of the density in the region of the “ skip” 
distance) and the results of the computation with these 


* An upper limit to this quantity is given by the fact that A + 2, = 80 km, 
the height of the night layer. 
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values 1s represented in Fig. 48, in which intensity is 
plotted against distance. 

We assume that there is a lower fringe to the layer, 
slightly ionized and reaching down to levels of 15 to 
20 km, and there will be an added attenuation practic- 
: ally proportional to the range which will be responsible 
for the major portion of the long-distance attenuation. 
This attenuation factor has been included in the calcula- 
tions shown in Fig. 48. It is of the form ad/A? and the 
constant a is so chosen that e?4/^' is 0: Ol at d = 100 km 
andÀ— 44 m. Similar arguments apply to fight transmis- 
sion, where there is the additional evidence of a low- 
density (N of the order of 1 electron per 10 cm?) fringe in 
which the “ squeak X's'' are produced. The author's 
view of the two layers is this. A lower daylight layer is 
situated in regions between 50 and 70 km from the earth, 
in which the density increases so rapidly with level that 
there is very little penetration (for long-distance 
glancing angle incidence), with a lower fringe (of small 
electronic density) in which the main long-distance 
attenuation, which we have seen must be present, 
occurs. The path of the ray through this lower fringe 
(over long distances) will, in general, be more or less 
independent of the wave-length, so that, as shown earlier, 
the attenuation will be characterized by a falling off 
in proportion to the square of the frequency, as has 
actually been found in the short-wave range. 

Similar considerations apply at night time, with the 
added complications due to the rotation of the plane 
of polarization as the ray travels along the earth's 
magnetic field, and of the double refraction effects due 
to the same cause. 

This theory seems to the author to be capable of 
dealing with and explaining a very much wider range 
of facts than the simple ray theory. In particular it 
links up long- and short-wave transmission in a perfectly 
reasonable way, and accounts for the contrast in long- 
and short-wave daytime transmission characteristics, 
in respect of seasonal and magnetic disturbance effects. 

It naturallp explains the increase of range with 
frequency (short-wave day transmission) and requires 
a plausible constitution of the upper layers in agree- 
ment with the evidence from other sources (in particular 
diurnal magnetic variations) and, as far as the author 
is aware, leaves no important fact unexplained. He is 
confident that a further study will prove the necessity 
of a theory based on these considerations. It has been 
impossible in the limited space of the paper to deal fully 
with many points, but he hopes that these may be 
thrashed out in the discussion. 


SHORT-WAVE LIMIT. 


It seems to be an undoubted fact that there is a short- 
wave limit below which it is impossible to get long- 
distance transmission. 

On the evidence of the transmission experiments 
cited here, as well as other evidence of the same sort, 
it seems probable that the short-wave limit for night 
transmission is somewhere in the neighbourhood of 
17m, although the echo effect seems to show that 
under certain conditions waves as short as 14 or 15m 
may get through 20 000 km of darkness. 

In daytime the short-wave limit does not seem to 
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have been reached at 10m. A recent experiment on 
8 m (using the same transmitter and power as in the 
other short-wave experiments) seems to indicate that 
this is below the limit, as nothing was received in 
Sydney, Montreal, New York or South Africa, so that 
the limit appears to lie between 8 and 10 m. This 
short-wave limit has received a very natural explanation 
on the ray theory, ie. it is supposed that the density 
in the upper layer is not sufficient to bend even the 
horizontally transmitted rays back to earth, so that all 
the rays escape. The author is not inclined to accept 
this explanation, chiefly on the ground that there is 
evidence of high-angle rays, within the skip distance, 
of even the shorter waves (À 20 to 25 metres), which on 
the ray theory should be entirely absent. 

Or we may put it in another way. Observations 
within the skip distances suggest very strongly that the 
layer is rich enough in electrons to bend even the 
high-angle rays back to earth, but, of course, with much 
diminished intensity. 

On this showing the density should be great enough 
to bend down the horizontal rays of much shorter 
wave-length than 17 m. 

Suppose, for example, 60? rays are bent down at 
A = 26, then 


sin? 0 -7 = 1 
foi 


For horizontal waves we can use a frequency f, such that 


so that 


( R B TE 
R+h ys 
9 
i.e. £ = 2x approx. 
L 
h h 
gz = — 
where d; 
2 
ue LL "T 
ne fi 2x tox 
2 
fr 3 
and P a 


Now x is about %4 and h = 100, so that f? = 24/2 
or, say, fı = 5f, ie. Ay = JA = 5m approx., so that 
wave-lengths at least down to 5m should be usable. 

An alternative explanation, on the attenuation theory, 
should be provided. In the calculations for the skip 
distance the attenuation in the main layer for sufficiently 
small angles of elevation and for a sufficiently long 
wave-length * (apart from the lower fringe) was found 
to be so small as to be negligible. (Actually the 
attenuation should have been greater, on account of 
the increased ray length in the layer occasioned by 
the earth’s curvature.) This is because at these 
glancing angles (and for sufficiently long wave-lengths) 
the penetration and ray path in the main layer is so 
small as to introduce but little attenuation, but as the 
wave-length is reduced the penetration and ray length 
in this layer rapidly increase and will reach a stage 

* Of the order of 40 m. 
41 
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where the attenuation begins to be important, so that 
for sufficiently short waves the rays will be able to 
penetrate this layer and not get out again even at 
glancing incidence. 

This result is indicated in the attenuation formula 


sin’ 0 mk 


CUP aT) F 


which, though it does not refer to a curved layer, 
clearly indicates the change that is likely to occur as 
the wave-length is reduced. The attenuation constant 
increases as the square of the frequency (0 remaining 
constant), and will be so great for frequencies over 
some limiting frequency that long-distance transmission 
will be impossible. 

The picture that the author has of the transmission 
on different wave-lengths is this: For waves above the 
limiting wave-length this attenuation constant is small, 
and long-distance glancing-incidence transmission takes 
place in the space between this main layer and the 
earth. Penetration into the main layer is small, and 
the whole attenuation is small and caused by the 
sparsely populated fringe below the layer, but directly 
the wave-length is made shorter than this short-wave 
limit, and the main ray penetrates well into the main 
layer, absorption sets in and further long-distance trans- 
mission is impossible. This theory applies to both day 
and night transmission with suitable values for T in 


each case. This is essentially a modified form of layer 
- theory. 


APPENDIX 1. 


(Received 4th May, 1927.) 
Following Sommerfeld's procedure * we put (see Fig. 49) 


Region A 


` oo 
" -f AdAT9(Ar) ot (2—2o) vo K?) 
17 2 


p [vone tite 
oV 0 — Ki) 


+ [ m AOQ9J07)e7* V G?- Kp. . (3) 
0 


where Ag = wave-length 
Ko = 27/Xo 
and m, = electromagnetic potential function from 
which the electric and magnetic forces may be derived 
by differentiation. 
Each term satisfies the differential equation of propa- 
gation. 


VÀ? — KÈ) 


f(A) = — 2Kge- Zov tK 0 7 
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The first term represents the effect of the aerial at 
Zo, i.e. e/Ro, the second its image at — Zo, i.e. e'EeFiJF,, 
and the third term, where f,(A) is an arbitrary function 


= ow — =. — am ap wee ao an "— —A a— A— — SP we SS — Se CSS See es wee ewe eS ewe eS m m 


— — om on 
— ee — 
— 


-7 
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suríace 


to be determined later in the analysis, represents the 
disturbance due to the imperfect conductivity of the 
medium B. 


f,(A) = 0 when B is a perfect conductor. 


In the medium B 


0 J (À? = K3) 


ao 
, [aaa Z y(t — Ky (4) 
o (V/A? — K3) 
where p — resistivity, 
€ — specific inductive capacity, 
. pL = permeability 
and kg = SEE + pef 


or in our nomenclature 


» 2 ° 
2 pKw*  4mipw 


The surface conditions at the surface of separation 
between A and B are (i.e. at Z = 0). 


(5) 


7, = Mg. (6) 
Ki 92 Kz dZ 
These give 
Qe—Zov(M— Ko) e- Zo (2K?) | 
— cs AO = (S) 


VJ (A € | AO 


VO — Ki) 


* 
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] | 
= —ze ^v QN ES | (9) 
Ke 


from which f,(A) and f,(A) can be determined. 
We get 


l 


v0? — Ki) Ki/08 — K) + KE? — KY) 


9 9 3 
a/(A2 — K5) . 2K5e-Zov 01— hg — 
f(A) == 


e Annalen der Physik, 1909, ser. 4, vol. 28, p. 684, eqn. (11). 
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It may be as well to verify that in the two extreme 
cases, i.e. (1) when K, = K, and the two media merge 
into one, and (2) when K, = œ, i.e. when the second 
medium is a perfect conductor, these two expressions 


l iKoR 
give the well-known correct values, i.e. à ; and 
ET rM 1 0 = 
R, R, 2 
e- Zov (8— K9) 
A0) = — 5 
a/ (A® — Ko) 
f(A) a: 
"em -|- E 
Vie — x3) 


the other two terms cancelling, i.e. 
ei Koi 
R; 


71 — 


Similarly v, = e'£oR1/R,, which is the correct solution. 
Again, if K4,—- o» we have f,(A)>0, since the 


numerator — iK, and the denominator — K2 


2 Zov- EQ 


fo(A) = 
or T, > 0 | 
RT gi KoRi ei Kota 
eretore mı = R Re 


giving the direct and reflected wave correctly. 
The disturbance function we wish to calculate is then 


= | AAAS, (AJ (Arje £ Y 07 EO 
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«ay v) ke (Ot ^. Ke 
or y= — o(Ar 0 sana ares 
T v (A? — K$) 
| e-(Z* Zo vD1— kb) 
X : 7 
[Kov (À? — K3) + K&/ 08 — KO] 


The integrand has branch points at A= + Ko, and 
À = + K,, and a pole at the zero of 


Koy (X — 


We can represent these in the À plane by the points 
P, O and R in the upper half of the plane (see Fig. 50). 


K3) + K?V (X — Ko) = 0 


À =f. 
A-A °Q 
*R 
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Now suppose we replace Jo(Ar) 


by 4H, (Ar) + $H,(Ar) 


where, for large enough values of x, we have 


EN 
me (2) 


H (v) vanishes if iz is large and positive (top of A plane). 
H.(x) vanishes if ix is large and negative (bottom of 
A plane). 


y- JE H (Are V -EOZ 
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. giz — 1x) 
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Let us join the branch points Kọ, Ką by cuts to œ, 
the locus for the cuts being given by 4/(M — K2) = ir 


and 4/(A2 — K3) = ir’ respectively (where T and 7’ 
are reat). 

^ 
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These cuts will be asymptotic to the positive branch 
of the imaginary axis, as in Fig. 51. 


yi = nare Q7? 79 — m, + Q, + Q, 
0 


Since H,(M)—0 as A>+ io 
Similarly | AAALH,(Ar) f(A) = R 
0 
since H,(Ar) — 0 as Ar > — tx 
so that y = Ri + B+ Q4 + Q + Spote 


Now it can be shown that R, + R, = 0, for 
— H,(x) = + (Harel?) 
Put x = Ar,, multiply both sides by AdAf, (A)e—2 v 9— Kb) 
and integrate from 0 + 4o and we get R, + R = 0. 
So that Y = Q4 + Qa + Jpoie 


Take | f(A) first. 
pole 


We have N = Koy (X? — K?) + KÊvyv (X — 


This is zero when A = S = EU 
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Substituting the value of S we have 
Surface wave 

= (=) .e- 8r. — K 2e VUE ED 
A Nar V (Ko + Ko) 


To the first order of approximation we may calculate 
the f round the branch points as follows : 


Quee | AAAH Ar) | S E a) 
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i. K? 
. (Z+ Zo) 


* TREVO — K3) + K3A/ (M — K6)] 
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assumes (Z -+ Zo) to be small compared with R. A 
higher approximation may be obtained as follows : 


Ne — KA e-ZOvprI- EQ 
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where N= K64/ (2 — K?) -+ Kev (2 = Ki) 


The part which contributes to the integral is in the 
neighbourhood of À — K, so that we may replace 


A: — K? by K? — K? without much risk of error, in 
which case 
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The second term is: 
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the terms of order — are 
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The first two terms of this expression, which vary as 
1/R, are the only important ones at a distance. The 
first represents the effect of an aerial at P, and the 
second the effect of an aerial at Q with its current 
reversed with respect to that at P, as described on 
page 601. 

The f round K, involves the exponential e*iKsR 
and represents a term which is very rapidly attenuated 
and which is therefore of no importance compared with 
this term. This result applies only when the numerical 
distance is large. 


APPENDIX 2. 
(Received 4th May, 1927.) 


The author would like to take this opportunity for 
including some data given in the reading of the paper, 
but obtained too late to be included in the text. 


EcHo EFFECT. 


In addition to the echo effects quoted in the paper in 
‘ which the echo signal has always followed one of the 
great-circle paths, we have noted cases where the echo 
path has not been a great circle. 

As an example the case of AGB at Berlin on a 27-m 
wave may be quoted. 

At times close to sunset here, in fact when the shadow 
band lies between Berlin and Chelmsford, echo signals 
occurred which when analysed by the direction-finder 
showed definitely that the echo ray was nearly due 
North and South; in fact’ the echo signal followed a 
spiral close to the shadow band as shown in Fig. 52. 
This is the only case so far noted of a ray which deviates 
appreciably from the great-circle path. The cause 
of this is undoubtedly to be attributed to the exception- 
ally good transmission which occurs in the twilight 
regions. Accurate measurements of the time-lag of the 
echo signal have been made by Quack, who found that 
this lag was greater than the time required by light to 
traverse the 20000 km round the globe. This excess 
was attributed by him to the fact that the ray traversed 
a longer path in the upper atmosphere. He found that 
the mean height of the ray must have been 182 km, 
assuming that the ray was traversed with the velocity 


A curious feature of the photographs shown by Quack 
has been pointed out by Tremellen; this is that the 
duration of the echo signal is in more than one case 
appreciably less than that of the original signal. The 
author can find no reasonable explanation of this.fact at 
present. 


RAY ANGLES. 


The method by which these have been measured has 
been described in the paper, where it is shown that it 


Sunset 


Sunrise 
Fic. 52. 


is not sensitive for small angles such as exhibited by 
the long-distance stations. 

An alternative check method has been used in a few 
cases. This is by using a long horizontal rod aerial as 
employed by Picard, Smith-Rose, and Barfield. The 
theory of this shows that if the rod is rotated in a vertical 
plane containing the ray, then a more or less ill-defined 
minimum should be obtained when the rod is tilted 
back from the horizontal through an angle which is 
practicaly the sum of the polarizing angle and the 
angle of elevation of the rays. So far only a few observa- 
tions have been made with this arrangement; the 
angles obtained for long-distance stations such as 


TABLE 4. 
Station Wave-length Distance Maximum angle Minimum angle Mean angle Calculated angle 
m km 
Leafield .. px is 30 86 75° 71° 73° 73° 
Dutch stations 27-32 360 68° 18° 45° 25° 
AGB m " aa 27 700 41° Too small to be 10° ` g° 
measured 
of light. But this assumption is incorrect. In order | Canada and Australia are approximately 10°. The 


that the ray may bend round the earth the phase 
velocity must be greater than that of light, and can 
be calculated, it follows that the group velocity is less 
than c, as given by the relation V,,,, X Vj, = c4. 
Taking this into account, the estimated height of 
182 km has to be divided by 2, i.e. is 91 km, a reasonable 
value in view of our present knowledge. | 


polarizing angle can either be calculated or determined 
by receiving a local station. The observed value was 
about 4°, and: the calculated value 4-5°. The incoming 
angle of the signals should therefore be about 6° which, 
as far as the experiments go, entirely confirms the direc- 
tional experiments. Perhaps too much trust should 
not be placed on these results as the author is not quite 
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certain that the system is balanced up accurately enough 
to eliminate all vertical effects and spurious minima 
due to these. 

The cardioid receiver has been used to measure the 
angles of transmission of relatively close stations, in 
particular Leafield. The Dutch stations work in the 
neighbourhood of 30 m and AGB (Berlin). 

The results so obtained act as a check on the theory 
of the “ jump-over ” effect given in the end of the paper, 
for on the assumed constitution of the layer it is possible 
to calculate the ray angles for every distance and 
wave-length. 

The results of about 26 to 30 measurements on the 
Dutch stations show what a variable quantity this ray 
angle is, for the angles varied from 18° to 68° with a 
mean of 45°. | 

Table 4 gives the results. 

The Dutch stations without doubt give angles which 


are too high, but on some occasions angles less than the 
calculated ones were obtained. , 

If the layer were well defined and situated at a height 
of 60 km the ray angle would be 15°. The value of 
18° obtained on one occasion shows that the estimated 
height of 50 km cannot be very far wrong. In general 
it is noticed that the strength increases as the angle of 
elevation gets less, which is in accordance with the 
theory. There are occasions when the 67-m Dutch 
station gives very weak signals with no bearing, the 
scattered signals then swamping the refracted ray. 

In connection with the skip theory the curves of 
signal strength are given in Fig. 48. 

The author would like to take this opportunity oí 
acknowledging the valuable help of Mr. Tremellen 
both in obtaining the data, often under very trying 
conditions, and for the many suggestions illuminating 
the causes of the many obscure effects observed. 


DISCUSSION BEFORE THE WIRELESS SECTION, 2 Marcu, 1927. 


Dr. W. H. Eccles: Two remarkable and interesting 
theorems of a practical kind appear in this paper; the 
first is that the effect of the conductivity of the earth 
is approximately to reverse the sign of the image. 
This gives a way of expressing Sommerfeld's theory of 
the propagation of electric waves which will be most 
useful to all of us who have to try to foresee the future 
when advising those who are going to set up wireless 
stations, and it solves many other difficulties I have 
often met. The other theorem in the paper of value 
from the wireless engineer's point of view is that the 
range varies inversely as the square of the wave-length 
for short waves. That is of very great assistance in 
reckoning possible ranges for a given wave, or finding 
a wave-length for a given range, which is usually what 
is wanted. The author's remarks in regard to the 
absence of definiteness in direction, and the possibility 
of it being caused by waves that have travelled all 
round the earth, suggested to my mind that if waves 
can travel all round the earth and come back to the 
transmitting station then it is clear that they will 
arrive from all directions. Therefore a directive 
receiving station at the transmitting station would 
receive waves from all directions and could give no 
definite indication. Also if waves do travel all round 
the earth we cannot expect to get good directive 
effects within 100 miles or 200 miles of the transmitting 
station, for the reason that the return of the waves 
to a focus cannot be expected to be accurate to within 
100 or 200 miles. I should be glad if the author would 
state rather more clearly in what position the trans- 
mitting aerials were suspended at Chelmsford. From 
the text it is impossible to decide whether they are 
vertical or horizontal. Then again I cannot reconcile 
Fig. 15 with the text. It is stated that there is an 
independent drive circuit, that the oscillations are passed 
on to a magnifier, and that accumulators are used in 
order to steady the anode voltages. Fig. 15 appears 
: to show an I.C.W. transmitter, however. - 

Admiral of the Fleet Sir Henry Jackson: The 
thanks of all those interested in wireless are due to the 
Marconi Co. for the information they have thus pub- 
lished through the author. As regards the theory set 
out in the paper, I think we shall have to wait some 


time before the results can be absolutely checked., 
There are seasonal variations, day and night variations, 
and other variables that enter into the problem, so that 
a considerable time must elapse before any definite 
results can be obtained, and before we can forecast 
exactly what will happen at different times of the year 
and at different times of the day and night. 
Lieut.-Col. A. G. Lee: The author's direction- 
finding experiments show (1) that the received signals 
come in horizontally, and (2) that there is a small 
amount of scattering within the skip distance, and no 
direct evidence of any scattering outside the skip 
distance. On the other hand, I am inclined to think 
that scattering may occur outside the skip distance. 
Within the skip distance the ray penetrating to the 
high layers meets with relatively uniform conditions, 
and scattering might be expected to be small, but if 
we accept the author's suggestion that outside the skip 
distance the waves travel along in the space between 
the earth and the main layer it might be expected 
that in the fringe the ionization could not be so uniform 
and scattering would occur in greater magnitude. 
Inasmuch as the bending effect in this fringe is small, 
the variations in bending will also be small, that is to 
say, the radiation from scattering in this fringe may 
be expected to arrive at a receiver in a horizontal 
direction. Associated with the direction-finding results 
is the authors argument on page 624, using the 
principle of reciprocity, that for long-distance work 
the optimum angle for transmission is near the hori- 
zontal. The footnote on the same page seems to be 
incorrect, because the ray BO'A shown does not have 
a high angle of incidence at A. The principle of 
reciprocity has by no means been proved practically. 
The author himself quotes several examples against 
this principle, and in practice, although working 
between two stations, say in England and Canada 
respectively, is usually reciprocal, it is by no means 
always so. Figs. 6 and 7 seem to me to indicate that 
the higher the aerial the more upward radiation there 
is, which, if my understanding is correct, conflicts with 
the author's argument, from the raised-aerial experi- 
ments, that horizontal transmission is the best. Our 
general experience with aerials excited on harmonics 
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which, as is well known, give upward radiation, shows 
that there is very little to choose between the various 
arrangements and excitation on the fundamental. I 
had hoped that the author would have been able to 
include measurements on the beam transmitters in 
Canada and Australia, because the practical working 
conditions indicate that conditions have changed since 
the 24-metre tests to Sydney and Montreal in the 
paper were made. In the case of both services working 
on 26 metres, daylight (in England) is the most suc- 
cessful period, bad fading occurring at night time in 
both cases. In the case of the South African signals 
the author's explanation would appear to apply equally 
to Buenos Aires, whereas in the latter case the signals 
are successfully received. 

Mr. J. Hollingworth: I can offer no comments 
of any value on the strictly short-wave side of the 
paper; but in the extension of the theory to the long 
waves there are a few points which do not altogether 
fit in with some of our more recent experiments. With 
regard to Fig. 41 it is of course extremely difficult to 
make a direct test of the reversibility of a ray. My 
colleague, Mr. Naismith, has, however, recently shown 
that when working on opposite sides of a long-wave 
station on the same great circle and at equal (short) 
distances from it, the intensities obtained differ in some 
cases by nearly 50 per cent, although the polar curve 
of the station is an almost perfect circle. Both are 
Teasonably consistent over considerable periods, and 
further experiments seem to show an important factor 
is the angle of inclination of the path of the ray to the 
magnetic meridian. It this is the case it does not appear 
as if reversibility is possible. Magnetic storms are 
referred to in several places, but they seem to be treated 
merely as clouds of electrons without reference to their 
magnetic polarity, and our experiments seem to show 
that this is a factor which must be taken into account. 
On page 625 the author says, “ Theoretically all the 
arguments in the paper rest on the assumption that high- 
angle rays are very highly absorbed." It may be that 
they are on short waves; but our experience with long 
waves is otherwise. As a practical illustration I may 
say that the intensity of Rugby at Slough in the middle 
of the day may vary from 9000 to 37 000 microvolts 
per metre. Even assuming a layer height of only 
40 km this gives an angle of elevation of about 40°. 
Also we can now, in favourable circumstances, measure 
the coefficient of reflection by a method which is not 
very sensitive to the assumed height of the layer, and 
our results indicate that at these high angles the figures 
are certainly not less and are probably greater than 
at lower angles. We have also recently begun to 
suspect that '' conductor reflection ” is not the primary 
factor in long-distance work, but that it only appears 
over a limited range of distance both below and above 
which propagation takes place by '' dielectric reflection.” 
All the above results refer to full daylight observations. 

Prof. S. Chapman: My interest in the subject is 
mainly that of a student of the physics of the upper 
atmosphere. The paper, like those of Prof. Appleton 
and other recent workers on wireless transmission, gives 
confident hope that before long the study of wireless 
transmission will add greatly to our knowledge of the 
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electrical and probably other properties of the upper 
atmosphere. At present, as the paper shows, there is 
abundant evidence that the subject is a very complex 
one. That this is so was already clear from our present 
knowledge (largely gained from the study of terrestrial 
magnetic variations) of the conductivity of the upper 
atmosphere. There is good evidence for believing that 
the conductivity of the upper atmosphere is due to 
at least two main causes, one affecting the day hemi- 
sphere, the resultant ionization dying away at night, 
and the other affecting the regions of high latitudes 
and being associated with aurore. Conductivity of 
the latter kind in high latitudes undoubtedly varies 
very much from day to day. It may possibly be 50 
times as great one day as on the next, and in the 
average month on the five most magnetically disturbed 
days it is probably five- or ten-fold as great as on the 
five least-disturbed days. No such change as that 
occurs in the conductivity over the sunlit hemisphere 
in middle and low latitudes, arising from the sun’s 
radiation. Not only are there great changes of intensity, 
but the extent of the strongly ionized region in high 
latitudes will vary with the intensity, corresponding 
to the observed fact that aurore come further south 
at times of great disturbance. The matter is also 
complicated by the asymmetrical situation of the 
auroral zone relative to the earth’s axis. The inclina- 
tion of the earth’s magnetic axis makes Canada much 
more disturbed than is Russia in similar latitudes. 
We thus know there are many complexities in the 
ionization of the upper atmosphere, and it is only to 
be expected that at first the facts about wireless trans- 
mission will be difficult to interpret in detail. I feel 
that the paper makes a good step forward in the 
interpretation of the results, and I look forward to more 
definite conclusions in due course. 

Prof. E. V. Appleton: On the theoretical side, 
while I am in agreement with the author on some 
points, I fear I differ from him on what is probably 
the most important problem of all—the real cause of 
the long ranges attained in short-wave transmissions. 
First I will consider briefly the points of agreement. 
The absorption-limitation explanation of skipped dis- 
tances is not, as the author claims, raised for the first 
time in this paper. In the last page but one of the 
paper by Heising, Schelleng and, Southworth these 
authors quote a recent communication to them as 
follows :—“ It is possible that absorption may play 
a part in producing the skip depression of the surfaces 
at nearby points, as suggested by E. V. Appleton, but 
we do not believe that it is the most important reason." 
In a recent paper * I have given further evidence in 
favour of this suggestion. At first I must confess I 
was misled by the experimental data given by A. H. 
Taylor which led one to imagine that the signal increased 
abruptly at the edge of the skipped distance, but more 
recently I was struck by the fact that the signal-strength 
curves as a function of distance given by Heising, 
Schelleng and Southworth did not show an abrupt rise 
at the edge of the skipped distance. But the American 
interpretation in terms of electron-limitation appears 
to be correct at night, for I gather that communication 

* Electrician, 1927, vol. 98, p. 256, 
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with wave-lengths below 17 m is impossible, whereas 
from the point of view of absorption-limitation signals 
should be stronger than during the day. Like Mr. 
Eckersley, I think that long waves are reflected and 
short waves refracted, but my reasons for adopting this 
distinction are quite different. It was shown many 
years ago by Lord Rayleigh—the point has been 
emphasized by the recent papers of Dr. Wilcken—that 
reflection occurs when the change of properties of the 
medium is rapid within a wave-length. It is due to 
the fact that the conductivity gradient is relatively 
sharp for long waves, and that reflection takes place 
at the surface of the layer. There is no physical support 
for Mr. Eckersley's distinction in terms of w and l/r, 
for if the gradient of conductivity were not sharp there 
would be no reflection even if w were less than l/r. 
The most important theoretical point raised in the 
paper is the cause of the low attenuation of short waves 
in travelling through the Heaviside layer. The author 
uses the formula for the attenuation factor previously 
given by Salpeter, Larmor, Nichols and Schelleng, 
Elias, and Baker and Rice, which shows that for a 
constant value of N the attenuation is inversely pro- 
portional to the square of the frequency. But are we 
justified in assuming a constant value of N ? We must 
take into account the fact that the shorter waves require 
more electrons to bend them by the same amount. If 
we compare different wave-lengths on the basis of a 
constant u (refractive index) we find that, using the 
author's notation, the attenuation factor is equal to 
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a quantity independent of frequency. What then is 
the cause of the low attenuation of short waves ? The 
only reason that appears to be left is that the short 
waves have to go higher to be bent and thus travel 
in a region of lower pressure where 7 is larger.* In 
other words the gradient of r with height may be a 
very important factor in our explanations of electric 
wave transmissions on different wave-lengths. In 
connection with the effect of the earth’s magnetic field 
and the possible critical effects which I suggested some 
years ago might occur in connection with the gyration 
resonance, I feel that the American writers have slightly 
misinterpreted this suggestion in identifying the day- 
light absorption at 200 m with the critical frequency. 
If the ionization is not too intense then there undoubtedly 
is a critical frequency about 214 m, but only for one 
of the two rays of different polarization which are 
propagated. The other has normal characteristics and 
is very much less absorbed than the one possessing 
critical features. This may be illustrated by a simple 
case of transmission along the magnetic field, where 
it is found that the absorption coefficient k for the 
two circularly polarized waves is given by 
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* There is, however, an alternative (not mentioned by the author, who 
considers that tbe main absorption takes place in the layer), and that is to 
assume that the main attenuation takes place between the layer and the 
ground, where the bending of the rays is very small but the frequency of 
electron collisions large. 


where w is the angular frequency of the wave and wọ 
the critical angular frequency. It is easy to see that 
near the critical frequency, when w and wọ are 
approximately equal, the absorption coefficient of the 
two rays will differ widely, and that the signal received 
at the ground will be largely due to the ray which does 
not possess critical characteristics because of its 
relatively low absorption. In dealing with short-wave 
problems there seem to be two ways of explaining how 
the waves travel from transmitter to receiver. In the 
first we may assume, as do the American writers and 
the present author, that the waves travel the greater 
part of their journey in the space between the ionized 
layer and the ground, being only deflected by the 
former. But in interpreting the experiments of 
Meissner, who sent up a beam of waves at a high angle 
with the ground, we must admit the possibility that 
the waves travel almost the whole part of their journey 
at great heights in the layer. It seems to me that we 
might get information regarding these two alternatives 
by measuring the group velocity of the signals by the 
method used by Quäck. Since the group velocity for 
these cases may be written, very simply, cy, it is clear 
that there will be a big difference between the values 
in the two cases considered, since in the first case p is 
approximately unity but in the second case is much less. 

Mr. R. M. Wilmotte: I am particularly interested 
in the description of the method of calculating polar 
diagrams at long distances. The ordinary image theory 
was evolved as a mathematical device for representing 
certain equipotential surfaces, the electrical reaction 
of a conducting surface on a charge being equivalent 
to the reaction of the image of the charge. The author's 
method is another mathematical device for obtaining 
the electromagnetic field at a great distance from the 
antenna, and has no real connection with the ordinary 
theory of images as used in electrostatics. Fer many 
cases it appears that the current image for this case 
is 180? out of phase with the antenna current, while 
for the ordinary electrostatic image it is in phase with 
the antenna current. It is possible to expound the 
author's idea further. Suppose we write K for the 
expression H,/E, given at the foot of page 602, col. 1, 
then the field strength at any point P can be obtained 
by adding the field due to the antenna, £,, to that of 
its image in the earth, of value KE, the value of K 
being dependent on the angle of incidence of the rav 
from the point P to the antenna. Considered in this 
way it will be obvious that there is no sudden change 
of phase as the angle of incidence passes through the 
polarizing angle. The change appears to be very 
sudden, because the phase angle is considered ; actually 
it is better, I think, to consider that the amplitude 
diminishes first to zero and then to a negative value. 
Viewing the change in this way, it will be quite obvicus 
that there is no sudden change in phase in passing 
through the polarizing angle, as the paper gives the 
impression, but instead a gradual variation of amplitude. 

Mr. N. Wells:. With reference to the position of 
the aerial, it is shown for the first time that fcr pro- 
pagation and reception within about 15? of the horizontal 
plane, the aerial may bé treated as possessing a negative: 
image where long-distance effects are concerned. In. 
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the face of available evidence we must assume that 
for a distant target the useful propagation is almost 
wholly confined to within a narrow angle from the 
horizontal plane, hence the author has given us a 
valuable aid to our conception of radiation over long 
distances. Dealing with the vertical distribution of 
energy from a plane aerial, his mathematical treatment 
for, say, a half wave-length aerial near the earth gives 
two tilted loops, as shown in Fig. A with no radiation 
in the horizontal plane; as the aerial is raised, side 
loops appear, and the axis of the main loop tends to 
become horizontal. Actually we may doubt the 
existence of mathematical side loops in the case of 
a simple half-wave aerial, for it is clear that if the 
height above ground is steadily increased, a position 
is reached that may be treated as if in free space, when 
the half-wave aerial would yield the orthodox single 
loop of energy radiation. This is a minor point and 
in no way detracts from the main issue, but I suggest 
that the negative image effect becomes less and less 
marked as the aerial is raised above the ground, until 
perhaps at a height of two or three wave-lengths it 
vanishes altogether. It is useless to increase the 
height of the aerial beyond this position, since any 
further increase does not materially alter the form of 
the polar curve, i.e. does not yield additional radiation 


in the horizontal plane. We are now faced with the 
problem of how to improve the radiation for distant 
stations, and I think that Mr. Franklin is the only one 
who has approached and solved this problem in a satis- 
factory manner; by feeding his aerial from its base 
and by building up to the desired height in half wave- 
length units, with phasing elements in between, a 
concentration of energy is obtained in the horizontal 
plane about half-way up the aerial system. For short 
wave-lengths this height, as regards practical mast con- 
struction, can be well within the limits of the optimum 
height previously mentioned, thus for a given effective 
height the Franklin aerial gives a concentration of 
energy that is not possible with a simple vertical 
doublet raised to the same effective height. 

Mr. T. L. Eckersley (in reply): Dr. Eccles suggests 
that direction-finding experiments which show a lack of 
definiteness in the bearing when the receiver is so near 
the transmitter as to be within the skip distance may be 


due to rays which go all round the world and converge 
from all directions in the neighbourhood of the trans- 
mitter again. I doubt if this explanation is correct, for 
the reason that such signals invariably disclose their 
presence by echo. By this I mean that if a dot is made 
at the transmitter it is always possible to distinguish 
the main direct signal from any signal which has traversed 
the globe, by the fact that the latter lags by almost 7 sec. 
behind the former. If the dot is shorter than +4 sec. 
the direct and circulating signals should not overlap at 
all. Itshould therefore be possible to obtain a perfectly 
good direction on the former if not on the latter. Asa 
rule, however, it is very unusual to find this type of 
echo within the skip distance, and when it does occur we 
find that the direction of the echo signal, in common 
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with all other long-distance signals, is well defined, but 
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the main signal is not defined. It seems clear, therefore, 
that this peculiarity is characteristic of the short-distance 
direct ray. I have never made observations close 
enough to a transmitter to obtain the type of result 
Dr. Eccles suggests. Even when observing close to a 
transmitter I doubt if a blurred direction for the echo 
would be obtained, for there is only one path suitable 
for the ray which traverses the whole globe, the shadow 
band, for instance, and the direction-finder will give 
the direction of this most favoured ray. The trans- 
mitting aerial at Chelmsford was a vertical doublet, 
the disposition of which is shown in Fig. B. It was fed 
at the centre by a pair of feeders tapped on to a tuning 
coil L. The whole was mounted on a diamond-shaped 
wooden frame, approximately 24ft. long and 12 ft. 
wide (with extensions for the longer waves). The 
diagram of the transmitter is, I am afraid, hardly 
appropriate. It referred to the original transmitter in 


Wooden 
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which tonic train was used, and was included in the 
paper as part of a previous report. 

I agree with Admiral Jackson that we have a long way 
to go yet before we reach a complete understanding of 
all the diurnal, seasonal and geographical factors, and 
although I feel that in the main the theory as given here 
is substantially correct, there are plenty of modifications 
to be made as well as details to be filled in. 

In reply to Colonel Lee's suggestion as to scattering 
beyond the skip distance, I can only repeat that, however 
distasteful it may be to his preconceived notions, I can 
find no evidence of scattering beyond the skip distance. 
I base this statement upon the fact that in these regions 
the direction-finding experiments show quite definitely 
that all but an insignificant amount of the energy is 
transmitted along a definite ray path, which is incon- 
sistent with the notion of any appreciable scattering. 
Perhaps the analogy of a fog will make this clearer. In 
the absence of such a fog the direction of the sunlight is 
accurately determined by the shadow cast by some 
object. In a sufficiently dense fog light comes in 
scattered from all directions and no shadow is cast by an 
object, and the direction of the ray is lost. Apart from 
this definite fact I am afraid my preconceived notions 
clash with his. Iam inclined to think that the ionization 
in the relatively lower regions of the atmosphere pro- 
duced by the sun's light is much more likely to be uniform 
than in the higher regions to which the high-angle rays 
(which are received in the skip interval) penetrate. 
Prof. Chapman states on the evidence of magnetic 
disturbances that the high-lever auroral layer is much 
more variable from time to time than the uniformly 
ionized daylight layer, and, if we accept the auroral 
evidence, is also much more patchy in space than the 
daylight layer, and should for this reason be much more 
likely to scatter than the former. The argument used 
in connection with Fig. 41 is, I think, sound. The 
evidence is that the long-distance rays are practically 
horizontal. Col. Lee suggests that the ray leaving the 
transmitter may be a high-angle one, so that, associated 
with any transmitter and receiver (sufficiently far apart), 
the ray will be of the unsymmetrical type shown in the 
figure, where the large curvature is always associated 
with the transmitting end, i.e. the ray approaching 
the medium is rapidly bent, but that leaving is hardly 
bent at all. I have endeavoured to try to construct an 
example which would produce such an effect, but can 
think of none, and in any case it implies a definite 
reversibility. Although, as stated by Colonel Lee, I 
admit the possibility of such an effect, I can quote no 
definite unassailable case as evidence, so I think that 
on the present information it is very unlikely that the 
angle of the transmitted ray should be different from 
that of the received ray. It is true that L'igs. 6 and 7 
indicate an improvement in radiation as the height of 
the transmitting aerial is increased, as well as an im- 
provement in the nearly horizontal radiation. The 
improvement in transmission on raising the transmitting 
aerial might therefore be due to increased vertical 
transmission, but I consider this explanation to be very 
improbable in view of the other evidence just quoted. 
The change in the diurnal transmission characteristics 
on the 26-m wave to Australia noted by Col. Lee is 


fully discussed on pages 609 and 610, and a possible 
cause suggested. There is certainly some unexplained 
difference between the results to Buenos Aires and 
South Africa. We may hope that the inauguration of 
services from these two points in the near future will 
provide material for an explanation. 

It is difficult to discuss Mr. Hollingworth's example 
of irreversibility in the absence of more definite data, 
but perhaps I may be permitted to suggest that his 
experiments which reveal a difference of nearly 50 per 
cent in signal strength at short distances on the opposite 
sides of a long-wave station do not prove definitely the 
existence of irreversibility. It is possible that the effects 
may be due to a fairly rapid gradient of the layer charac- 
teristic with latitude. Fairly intense high-angle trans- 
mission (30° to 60°) undoubtedly exists in transmission 
over short distances (200 miles) in the short-wave range 
À = 25 to 35 metres, and I have recently made experi- 
ments which may require some modification in my 
views expressed in the latter part of my paper. But 
the results are so variable that it is difficult to make 
any definite statements. With regard to the possibility 
of long-wave daylight long-distance transmission of the 
dielectric type, it is impossible for me to make any 
comments in the absence of the data on which it is 
based, and which I hope Mr. Hollingworth will publish 
shortly, but the evidence so obtained up to the present 
seems to me to be very strongly against it. 

Prof. Chapman supplies very welcome data from the 
point of view of a student of the physics of the upper 
atmosphere, and emphasizes the complexity of the 
whole problem, an aspect which the short-wave experi- 
menter has very strongly forced upon him. The tenta- 
tive explanations in this paper are by no means to be 
considered as final, and many of the complexities have 
necessarily been rather neglected, but I still consider 
the broad outline of the theory to be essentially correct. 
I feel a little disappointed that Prof. Chapman was 
unable to give some figures for the average ionic densities 
in the lower sunlight-illuminated layer, and the upper 
high-latitude auroral layer. Such figures giving, say, a 
lower limit to the maximum density of the ions in the 
two layers would decide immediately between the 
electron limitation theory of the skip distance (as 
developed by the Americans) and the absorption theory 
given in the paper. 

Prof. Appleton challenges the ideas at the basis of the 
whole paper; that is the distinction between long-wave 
and short-wave transmission as a function of the ratio 
of the time period of the waves to the time period 
between collisions, and differs from me also as to the 
real cause of the long ranges attained in the short-wave 
transmission. I have carefully read through his criti- 
cisms, but am still obstinate enough to maintain mv own 
point of view. His statements are unassailable, but I 
cannot see that they are entirely relevant nor in what 
particular way they assail my theory. If I understand 
him correctly he challenges the accuracy of mv formula 
for short-wave attenuation on the basis of the attenua- 
tion formula expressed in the form : 
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which, if the rays follow the same path, implies the same 
value of u independent of the frequency and consequently 
a value of a independent of this. According to this 
reasoning the short waves should be no more favoured 
than the long ones as regards attenuation. Unfortun- 
ately this proves too much, for, if the paths for a long- 
and a short-wave ray are the same, the total attenua- 
tion as expressed by (a) is the same, and if the paths are 
not the same the formula provides no logical ground for 
contradicting the calculations made in this paper. As 
stated by Prof. Appleton, it is perfectly true that accord- 
ing to (a) the attenuation for waves of two different 
frequencies are exactly the same if the paths followed 
by the two rays are exactly the same. The only excep- 
tion to this is that where the gradient is zero the rays 
will follow the same straight line and the attenuation 
will be proportional to A2. The bending [l/(radius of 
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Now in the region below the main layer, which I have 


tentatively called the fringe, the ionic density is low, 


643 


of which was 10-? per 1 000 km for a 44-m wave. Now 
taking the two paths exhibited in the figure, i.e. OA 
and OB, it is possible to plot the attenuation at each 
point of the paths and, by taking the area under the 
curve so obtained, to estimate the relative attenuation 
along the two paths. The figure obtained for this 
ratio is 4-08, i.e. practically (40/20)? as previously 
stated. The actual value of the attenuation for A = 40 
over a distance of 1 000 km is 10-? if the average value 
of k[ is taken to be 10-8, i.e. a figure close to the limits 
given in the paper. This example appears to me to 
show that the calculations given in the paper are per- 
fectly admissible, though I do not say that such a model 
is an exact representation of the actual state of affairs. 
According to these ideas the actual attenuation factor 
for a short-wave transmission is of the form 


aX + bf/r2 


The relative importance of the two terms depends on 
the distance between the stations; b contains a factor 
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p is very nearly unity, and a very small change of y 
with frequency will make very little difference to E . ott 
i.e. the bending, so that the paths of the long and short 
wave may be practically the same. On the other hand, 
p being so near unity, 1 — u? may suffer a large percen- 
tage change and hence the attenuation may vary rapidly 
while the path is hardly altered, resulting, as stated in 
the paper, in a fringe attenuation proportional to the 
square of the wave-length. To make this clearer the 
following example has been constructed on the lines of 
the ideal Heaviside layer suggested in the paper. Fig. C 
represents a section of the earth and Heaviside layer, 
the main layer being assumed to start at 50 km height 


with a uniform gradient of density above this such that ` 


a 44-m wave would reach the critical density at 70 km 
height. Below this there is assumed to be a fringe with 
zero density at 10 km rising to 1 000 electrons per cm? 
at 50 km height. Such a density is probably an over- 
estimate, as rather less than this is required to produce 
the long-distance attenuation. In this example particu- 
lar interest centres on the long-distance horizontal rays 
represented by OA and OB, say. In the calculations 
made in the paper, the results of which are illustrated 
in Fig. 48, it is calculated that the fringe will produce 
an attenuation proportional to 2, the numerical value 


which increases very rapidly with the angle of elevation, 
i.e. sin? @ in our example, so that the second term is the 
important one at short distances, and the first at long 
distances. Again, the form of the long-distance factor 
aA? only holds when w is large compared with l/r. 
I therefore still maintain that this factor wr is the prime 
factor in discriminating between long- and short-wave 
transmission, and that the electronic freedom is the 
essential cause of the long ranges attained in short- 
wave transmission. Nevertheless, I think that the 
variation of T with height does also favour short waves 
in comparison with long ones, and that Prof. Appleton 
has done a great service in pointing out the importance 
of this factor. Apart from these considerations, I 
consider that the contrast in behaviour of long and 
short waves in respect of ionic density is very strong 
evidence in favour of the view maintained in the paper. 

Mr. Wilmotte has given a valuable extension of the 
conception of the negative image used as a mathematical 
device in calculating the polar diagrams of aerials. As 
he states, there is a gradual change as we pass through 
the polarizing angle, but I do not think that it is any- 
where explicitly stated in the paper that a phase dis- 
continuity existed, and I can only regret that my inade- 
quate language gave him that impression. 


Mr. Wells has raised a point of interest. The negative 
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image is a mathematical device which applies strictly 
only in the case where the earth is assumed to be an 
infinitely extended plane, in which case, however high 
the aerial is, the negative image is effective at distances 
large compared with this height. The surface of the 
earth being actually spherical, a modification to the 
image theory must be made presumably at heights 
which become comparable with the earth’s radius and 


for distances at which the curvature of the earth becomes 
appreciable. I therefore think that the aerial must be 
raised to a height much greater than one or two wave- 
lengths before the negative-image theory has to be 
modified. For this reason I think that the image theory 
has to be applied to the Franklin type of aerial. This 
aerial is, however, of sufficient height to supply the 
necessary horizontal radiation. 


THE PERFORMANCE OF AN INTERMEDIATE-FREQUENCY AMPLIFIER.* 


By Marcus G. ScnoccriE, B.Sc., Graduate. 


(Paper first received 15th March, and in final form 28th April, 1927.) 


SUMMARY. 


The paper gives the results of measurements carried out 
on an intermediate-frequency amplifier forming part of a 
commercial supersonic heterodyne receiver designed for 
broadcast reception. The amplifier is described, with special 
reference to the coupling transformers. Slight modifications 
of the circuit are necessitated by the method of test, but 
it is concluded that the conditions of measurement approxi- 
mate closely to those of normal use. 

Three representative types of valves are employed in turn 
and it is shown that, for a prescribed standard of cut-off at 
the extremes of the side-bands, the amplification obtainable 
increases with the mutual conductance of the valves. The 
best type of valve to use in various circumstances is deduced 
from the results obtained. 


While much progress has been made during the last 
few years in the theory of high-frequency amplification 
which is of great assistance to the designer, up to the 
present it can hardly be claimed that it is possible com- 
pletely to forecast the performance of a commercial 
design of amplifier on theoretical grounds, as one 
would in the case of the majority of electrical appli- 
ances. For this reason it is desirable to carry out 
actual measurements of performance in order to ascertain 
to what extent theoretical considerations are reflected 
in actual results. Unfortunately, as has been pointed 
out in recent work on the subject, + such measurements 
are not by any means easy to carry out in a manner 
which gives a fair indication of the performance under 
working conditions. 

The difficulties are somewhat reduced when, as in the 
work to be described, the apparatus is only called upon 
to deal with a narrow band of relatively low radio 

* The Papers Committee invite written communications (with a view to 
publication in the Journai if approved by the Committee) on papers published 
in the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later tban one month after publication of 
the paper to which thev relate. 


t H. A. Tuomas: “The Performance of Amplifiers," Journal I.E.E., 1926, 
vol. 64, p. 223. 


frequencies. These measurements were carried out on 
the intermediate-frequency amplifier of a supersonic 
heterodyne receiver designed primarily for broadcast 
reception, and they supply information concerning the 
effect of valve characteristics on amplification, selectivity 
and side-band cut-off, and self-oscillation; and also 
the effect of input amplitude on amplification, and of 
damping on resonant frequency. 

The method is quite straightforward, and consists in 
feeding the input with an alternating e.m.f. of known 
amplitude and frequency, and measuring the output 
by what is, in effect, a valve voltmeter. The valves 
involved are the first rectifier, two amplifying valves 
and the second rectifier, and the amplification is taken 
as the ratio of the alternating e.m.f. developed at the 
grid of the second rectifier to that applied to the grid 
of the first rectifier. The disturbing effect of a measuring 
instrument for indicating the output voltage is entirely 
avoided by making the last valve itself serve as the 
voltmeter, thus preserving working conditions. The 
first valve is the only one which undergoes any altera- 
tions, as its grid-filament input is practically short- 
circuited. The anode current, and consequently the 
permeability of the iron core of the first transformer, 
are not quite the same as when the local oscillator used 
in the complete receiver throws a fairly large bias on 
the first grid, but this slight divergence from practical 


` conditions is not sufficient to cause serious error. 


The input is derived from a valve oscillator, shown 
in Fig. 1, covering the required frequency range, 
loosely coupled to a circuit containing a thermo-couple 
milliammeter and a stretched wire W about 15 cm long, 
of 30 S.W.G. Eureka, one end of which is connected 
to the earthed side of the amplifier. The first grid is 
tapped on to this wire, and, as the resistance can be 
easily found, the e.m.f. applied to the amplifier is also 
known. The coupling coil L} is of a much lower 
inductance than L,; the latter is coupled fairly loosely 
to Le in order to minimize harmonics. The greatest 
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difficulty is to avoid stray coupling to the amplifier, and 
it is necessary for it to be entirely screened in an 
earthed sheet-iron box. The terminals and potentio- 
meter control are brought out through bushes, and 
overlap on each side as much as possible. For ex- 
tremely accurate work it would be necessary to adopt 
greater precautions at these points, and to enclose the 
batteries, etc., but for the purpose in view this was 
not deemed necessary. With the input short-circuited, 


L, Phermo-couple 
>> milliammeter 


p---------—- 
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sections, one each side of the primary, each section 
consisting of 1500 turns of No. 40 s.s.c. copper wire 
wound honeycomb fashion. The primary is a similar 
coil with 700 turns of the same wire. All the coils 
are mounted on insulating material around a core of 
23 sheets of iron, 1-75 in. long and 0-14 sq. in. total 
section. The whole assembly is mounted in a cylindrical 
brass case and filed in with wax. The connections 
are brought out to four bushed terminals at the top. 


+ 


Fic. 1.—Method of measuring intermediate-frequency amplification. 


it was not possible to detect appreciable stray pick-up 
unless the amplifier was adjusted more critically than 
was the case in any of the measurements 

The output is indicated by the depression of the 
second rectifier anode current, shown by the milliam- 
meter. This valve is independently calibrated from 
known e.m.f.’s provided in a similar manner to the 
input, but a larger non-reactive resistance than W is 


` 
` 


TE 
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used for this purpose. The grids of the two amplifying 
valves can be set to biasing potentials as shown on the 
voltmeter, thus controlling the damping in the usual 
way. The output filter, consisting of two condensers 
and air-core choke, is that used to prevent intermediate- 
frequency currents from straying into the low-frequency 
amplifier. 

The coupling transformers are shown diagrammatically 
in section in Fig. 2. The secondary is wound in two 


The screening is completed by a bottom disc and the 
case is earthed. 

The inductance of the primary coil unmounted is 
13 500 uH, and of a single secondary coil 61700 pH. 
The rated working frequency of the complete trans- 
formers is 47-5 kilocycles, but in practice they are 
assembled in sets of three, bearing test-figures which 
are as nearly as possible the same and in no case more 
than + 0:5 kilocycle distant from some frequency 
between 45 and 50 kilocycles. The figures for the 
particular transformers used in the amplifier in the 


TABLE 1. 
C. i i Mutual 
` Valve uate Victor | — conductance 
ohms micromhos 
A 11 000 8 726 
B 45 000 21°8 485 
C 19 500 18:6 955 


present case were 47.3, 46:9 and 47:3 kilocycles 
respectively. The test gear used to obtain these results 
is arranged to indicate the frequency of maximum 
amplification when connected with short leads between 
valves of type A. 

In order to obtain a uniform basis for comparing 
results when using different valves, an output e.m.f. 
of approximately 0-5 volt at resonance was arranged 
for in each case, this being a value of carrier amplitude 
which gives normal loud-speaker strength when followed 
by two low-frequency stages. 

Three types of valve, referred to as A, B and C, 
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were employed in turn in the two amplifying stages 
proper; the same input and output valves were retained 
in each case. The two in use at any one time were 
chosen as having substantially the same characteristics ; 
the average for the two is shown in Table 1. . 

Fig. 3 shows curves of amplification plotted against 
frequency for these three types of valves and for various 
settings of the potentiometer which forms the volume 
control in the complete receiver. Amplification is 
plotted to a logarithmic scale, as this is more convenient 


10 000 


Amplification 
e 
o 


Frequency, in p 
Ftc. 3. 


for a wide range of values and also gives a better repre- 
sentation of the actual effect of the amplifier as regards 
the volume of sound. Results with valve A are shown 
for six different settings of grid potential. When 
valves B and C were in use the amplifier was adjusted 
to give the same maximum amplification as in three of 


the A curves, for ease of comparison. The grid 
potentials required are shown in Table 2. 
TABLE 2. 
Grid potentials (volts) 
Peak amplification at 
stated grid potential 
A B [o 
58 1-00 — 0-2 1:30 
93 0:5 — — 
280 0:25 — 0-26 0:64 
1 470 0 — M 
3 600 — 0:1 — 0:49 0-43 
8 300 — 0°15 — — 
self-oscillation — 0-19 — 0-50 0-41 


It will be noticed that the high amplification factor 
of valves B and C causes their range of adjustment to 
be smaller than that of valve A, consequently their 
control is rather more critical. The ease with which 
they go into oscillation, on the other hand, increases 
with the mutual conductance; for valve C, though it 
has a lower value of u than B and a higher impedance 
than A, oscillates much sooner than either of them. 

From Fig. 3 it will be noticed that as the damping 
is reduced the resonant frequency becomes lower, and 
that the higher the mutual conductance of the valve 
the more marked is this effect. With valves A the 
frequency is lower with decrease of anode current, 
whereas with different valves and constant amplifica- 
tion the frequency is decreased as the anode current 
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increases ; hence the effect cannot be due to the varia- 
tions of the steady flux-density of the iron cores of 
the transformers. Neither can it be caused by the 
variation of equivalent shunt resistance, for according 
to theory a decrease of resistance, ie. an increased 
damping, should reduce the frequency, whereas the 
opposite is shown by the curves. 

The author considers that the most likely explanation 
is the Miller effect,* which causes the maximum ampli- 
fication to be obtained at a frequency lower than that 
given by the expression 


l 
= AV (LC) 


i.e. when the anode circuit is inductively reactive, and 
this effect comes increasingly into action as amplifica- 
tion is made to depend on interelectrode capacity 
feed-back. For the same reason it is unsafe to draw 
conclusions on an assumption that the resonant fre- 
quency as shown by the curves is a true resonance in 
the sense of the tuned circuits being capable of repre- 
sentation by a pure resistance. 


N d Bed MILLER: Scientific Papers of the Bulletin of the Bureau of Standards, 
0. . 
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The most important information supplied by these 
curves is the amount of side-band cut-off in the various 
cases. For convenience the modulation of the carrier 
will be assumed to extend to 6 kilocycles on each side, 
this being usually considered to be the highest note 
frequency which is necessary in order to obtain reason- 
ably good reproduction in a supersonic type of receiver, 
where extreme low-frequency frequencies may well be 
sacrificed to selectivity. The curves in Fig. 4 have 
been derived from Fig. 3 to show the maximum ampli- 
fication that can be obtained with each type of valve, 
it being stipulated that the 6-kilocycle notes shall not 
be reduced to less than a certain percentage of their 
strength relative to peak amplification. For example, 
a 50 per cent amplification at the side-band extremes, 
which is compatible with fairly satisfactory quality, 
allows one to run up to an amplification of 2 000 with 
C valves, but only 800 with B valves. The permissible 
amplification is, in fact, roughly proportional to the 
mutual conductance of the valves. Where quality is a 
secondary consideration to utmost selectivity, valves 
with a low value of mutual conductance are suitable. 
For ease of control and large amplification, however, 
while preserving the high notes, the best valve is one 
of the type which is commonly used to work a loud- 
speaker. In all-round work valve A (which is the 
standard type for this amplifier) is probably a fair 
compromise. 

It may be as well to observe here that the volume 
of sound ultimately obtained does not increase so 
rapidly with reduction of damping as the figures of 
maximum amplification would seem to indicate, as 
they refer to the carrier, whereas it is the side-bands 
which are responsible for the sound, and their average 


amplification is less than that of the carrier to an extent 
which increases with sharpness of resonance. 

Further measurements, which are not given in detail, 
indicate that with high maximum amplification, say 
over 1000, the amplification falls off with increase of 
input; ie. the output tends to become constant. On 
the other hand, the reverse is true with low ampli- 
fication. 

The results given indicate the performance of a 
typical amplifier using a limited number of stages 
worked fairly efficiently. The alternative, which cannot 
be considered in a commercial set, is to use a large 
number of stages worked inefficiently as regards ampli- 
fication per stage. It is then possible, if the circuits 
are very carefully designed, to get a steep cut-off at 
any desired frequency, thus obtaining the maximum 
selectivity concomitant with satisfactory reproduction 
of overtones in speech and music, without which an 
unpleasant ^''drumminess" results. The amplifier 
described, with which the user may obtain what he 
wants in the way of a compromise between tone and 
selectivity, is satisfactory for general purposes. 

Results may be summed up as follows :— 


(1) Valves with high mutual conductance give 
broader resonance peaks for a given amplifica- 
tion, and go into oscillation more readily, than 
those with low. 

(2) Valves with low magnification factor are more 
easily controlled than those with high. 

(3 As amplification goes up with change of grid 
potential, peak frequency is reduced. 

(4) Amplification increases with input amplitude with 
a highly damped amplifier, and vice versa. 
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DISCUSSION ON 
“ TESTING OF CEILING FANS.” * 


Mr. R. O. Kapp (communicated) : The authors are to 
be congratulated on having carried out a piece of very 
necessary research. The figures and curves which 
they have obtained are most valuable in giving a 
reliable representation of the performance of ceiling 
fans. I think, however, that in certain respects the 
authors have misinterpreted their results and that they 
have failed to appreciate the object of the special test- 
ing-room which I adopted some years ago for testing a 
variety of different kinds of ceiling fans. The test I 
devised was based on an investigation very similar to 
that carried out by the authors, though I was not able 
to go into the subject with the same thoroughness. 
Nevertheless, it is reassuring to find that the test-results 
described in the paper confirm in all essential particu- 
lars the conclusions which I have reached. The only 
difference between the method of test recommended 
by the authors and that which I used is in the nature 
of the room in which the test shall be carried out. 
The authors recommend a room with a clear floor area 
extending 10 ft. in every direction from the axis of 
the fan. My own test specifies an artificial room 16 ft. 
square with no ceiling and with walls that allow a 
space 24 in. high from the floor. I recommend that 
this artificial room be placed in a large hall, such as a 
workshop, laboratory or store. Since the walls of 
the room recommended are only 12 ft. high, the authors’ 
description of it as a metal chimney does not convey a 
very good impression. The material of the walls is 
unimportant; in some cases I used light wooden walls 
and in others a light wooden framework, to which 
press-spahn was fixed with tacks. The authors suggest 
that with only 7 ft. 6 in. from the axis of the fan to the 
walls, the latter would screen any induced draught 
set up by the fans. They describe this induced draught 
as “ eddy currents " of air, which I think is an unfor- 
tunate term. What actually happens is that the air set 
in motion by the fan imparts some of its momentum 
to stationary air in the room, thus increasing the total 
volume displaced as the distance from the fan blades 
increases. My tests showed that there was no measurable 
vertical or horizontal air movement in the vicinity of 
the walls of my artificial room, so that the screening 
effect which the authors fear did not take place. They 
object to my test because the fan is working under 
artificial conditions. Every standard test has to set 
up more or less artificial conditions. The service con- 
ditions for a ceiling fan are in a room with a certain 
amount of furniture in it and with windows and doors 
which may or may not be open. The empty room 
20 ft. square advocated by the authors gives, therefore, 
equally artificial conditions. The object of a standard 
test is to devise a method which gives truly comparable 


* Paper by Messrs. E. Hucues, B.Sc., Ph.D., and W. G. Wiirz (see p. 367). 


results between different types of fan and which can be 
easily reproduced in any works or laboratory. The 
whole difficulty about testing a fan in a closed room is 
the disturbing effect of the air put into circulation by 
the fan. After reaching the floor the air moves out- 
wards horizontally until it collides with the walls. 
It then moves vertically up the walls to the ceiling, 
where it moves horizontally towards the fan. In a 
small room the effect of the air in circulation is greater 
than in a large one, which explains the authors’ observa- 
tion that a fan tested in a small room gives a greater 
volume of displaced air than in a large one. Since it is 
not possible for every works or laboratory to provide 
a closed room of any standardized dimensions, it is 
necessary to construct an artificial room. If this 
artificial room is completely closed as recommended by 
the authors, the air moving vertically upwards along 
the walls has a disturbing effect on the measurements 
which is of uncertain value. This disturbing effect is 
confirmed by the authors, who find at a certain borizontal 
distance from the fan a reversal of the flow. The 
ideal would be an infinitely large room completely 
free from the smallest external draught. That is not 
possible and, therefore, the nearest equivalent must be 
found. The curves given by the authors in Fig. 8 show 
that at a horizontal distance of 7 ft. 6 in. from the axis 
of the fan the horizontal air velocity is practically 
zero above 24 in. over the level of the floor; therefore, 
my opening of this height allows the whole of the air 
displaced from the fan to escape out of the artificial 
room and eliminates entirely the disturbing effect of 
upward currents. By placing my artificial room in a 
large hall I avoided all air circulation from above towards 
the fan, so that the latter is practically setting stationary 
air in motion all the time. If the fan were tested in a 
large hall completely free from external draughts, the 
results would be the same, but this is not possible, 
and the object of the walls of my artificial room is to 
screen the test from such external draughts. The 
curves given by the authors in Fig. 5 are of great 
interest. If the total air set in motion by the fan were 
to have the same momentum at all distances from the 
axis, one would expect the total air moved per minute 
to vary more or less as the square root of the distance. 
The curves show an approximation to such a law up 
to a distance of roughly 3 ft. from the fan blades. Above 
this distance the curves have a point of flexure and the 
rate of increase in the volume of displaced air is greater 
than that given by momentum considerations. It 
seems to me just possible that as more and more addi- 
tional air is entrained, the pressure becomes somewhat 
greater than would be given by Bernouilli’s equation, 
and that the pressure head thus set up is subsequently 
converted into a velocity head. It is interesting that 
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this point of flexure occurs at about 3 ft. below the 
fan blades, which is the distance recommended in my 
test for the plane in which the measurements should 
be taken and is also the distance recommended by the 
authors. 

Messrs. E. Hughes and W. G. White (in reply) : 
Mr. Kapp’s communication is mainly an endeavour to 
justify the use of his screen for measuring the air dis- 
placement of ceiling fans. He states that “if the fan 
were tested in a large hall completely free from external 
draughts, the results would be the same” as those 
obtained with his screen. We do not agree with this 
assertion. His velocity curves * indicate that all the 
air inside the screen is flowing downwards, and the 
displacement must therefore be the same at all points 
below the fan. A reference to Fig. 5 in our paper will 
show that under normal conditions the air displace- 
ment increases rapidly with increase of distance below 
the blades. We therefore maintain that, with the kind 
of screen he suggests, the fan is working under such 
artificial conditions that it is not allowed to set up the 
kind of draught which may be peculiar to the design of 
its blades. We did not suggest that a wall at a dis- 
tance of 7 ft. 6 in. from the fan screens any induced 
draught set up by the fan. The curves in Fig. 7 do not 


* Electrical Review, 1924, vol. 94, p. 86. 


indicate anything of the sort. Mr. Kapp claims that 
his “artificial room avoids all air circulation from 
above and that the fan is practically setting stationary 
air in motion all the time." Surely, it must be obvious 
that the air displaced downwards inside the artificial 
room rises on the outside of the walls to re-enter at the 
top, and that the inflow of air at the top must equal 
that displaced by the fan; and a reference to our 
velocity curves will show that the air above the greater 
part of the blades has considerable velocity. The crux 
of the whole problem is the provision of the most suitable 
artificial conditions under which to test the fan. Since 
Mr. Kapp's arrangement requires a clearance of at 
least 3 ft. all round the screen in order that the air 
circulation may be unimpeded, and as even then the 
conditions are far from normal, we suggest that the 
simpler and more satisfactory solution is to construct 
a square or circular enclosure, not less than 20 ft. across, 
with the walls carried down to the floor. If external 
disturbing effects are to be completely eliminated, such 
an enclosure should be fitted with a roof. In any case, 
the walls of the enclosure should reach up to the level 
of the blades. An artificial enclosure of this nature 
would give results in closer agreement with those 
determined under more ideal conditions than would be 
obtained with Mr. Kapp's arrangement. 
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I.E.E. Regulations for the Electrical Equipment 
of Buildings. 

The Council have approved the publication of the 
Ninth Edition of the above Regulations and copies 
may be obtained at the offices of the Institution or 
from the publishers, Messrs. E. and F. N. Spon, Ltd., 
57 Haymarket, London, S.W.1., at the following 
prices : bound in cloth, 1s. 6d. net (or 1s. 8d. post free); 
bound in paper covers, ls. net (or ls. 2d. post free). 

As mentioned in the recent Annual Report of the 
Council for the year 1926-27, the Ninth Edition is 
largely a reprint of the Eighth Edition with a number 
of urgent amendments, the numbering of the clauses 
in the Eighth Edition being retained as far as possible. 

The Wiring Regulations Committee are engaged upon 
a more comprehensive revision with a view to simpli- 
fying the Regulations. 


Premiums. 
The following Premiums for papers have been awarded 
by the Council :— 


The Institution Premium (value £25). 


J. R. Bearp,M.Sc.,and ‘ The Design of City Distribu- 
T. G. N. HALDANE, tion Systems, and the Prob- 
B.A. lem of Standardization.” 


The Ayrton Premium (value £10). 


Lt.-Col. K. EbccuMBE, ''Some Recent Advances in 
R.E. (T.A.), and Alternating-Current Measur- 
F. E. J. OCKENDEN. ing Instruments." 


The Fahie Premium (value £10). 


G. F. O’DELL, B.Sc. “ An Outline of the Trunking 
Aspect of Automatic Tele- 
phony.” 


The John Hopkinson Premium (value £10). 


P. DuNSHEATH, O.B.E., ''33000-volt Cables with Metal- 
M.A., B.Sc. sheathed cores, with special 
reference to the S.L. Type." 


The Kelvin Premium (value £10). 


J. W. T. Warsu, M.A., “Illuminating Engineering." 
M.Sc. 


The Paris Premium (value £10). 

A. R. COOPER. “ Electrical Equipment of 
Track on the Underground 
Railways of London." 
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The Webber Premium (value £10). 


W. McCLELLAND, C.B., 
O.B.E. 


“The Applications of Elec- 
tricity in Warships.”’ 


A Premium (value £5). 


A. H. M. ARNOLD, Ph.D. ''The Circle Diagrams of the 
Three-Phase Shunt Commu- 


tator Motor.” 


A Premium (value £5). 


F. W. CARTER, M.A., 
Sc.D. 


“The Magnetic Field of the 
Dynamo-Electric Machine." 


A Premium (value £5). 


A. Rosen, B.Sc.(Eng.), 
Ph.D. 


‘“ Interference between Circuits 
in Continuously Loaded Tele- 
phone Cables.” 


WIRELESS SECTION PREMIUMS. 


The Duddell Premium (value £20). 

T. L. ECKERSLEY. ‘‘Short-Wave Wireless Tele- 
graphy.” 

A Premium (value £20). 

R. V. HANSFORD, D.Sc., 


and H. FAULKNER, 
B.Sc. 


“ Some Notes on Design De- 
tails of a High-Power 
Radio-Telegraphic Trans- 
mitter using Thermionic 
Valves.” 

The Premiums for papers read before the Students’ 

Sections will be announced later. 


Council’s Nominations for Election to the 
Council. 

The following have been nominated by the Council 
for the vacancies which will occur in the offices of 
President, Vice-President, Honorary Treasurer, and 
Ordinary Members of Council on the 30th September, 
1927 :— 


President. 
A. Page. 


(One Vacancy.) 


Vice-President. (One Vacancy.) 
Captain J. M. Donaldson, M.C. 


Honorary Treasurer. (One Vacancy.) 
Lieut.-Col. F. A. Cortez Leigh, T.D., R.E. 


Grotnatp Members of Council. 
MEMBERS. (Four Vacancies.) 


J. R. Beard, M.Sc. P. V. Hunter, C.B.E. 
Major B. Binyon, O.B.E., H. Marryat. 
M.A. 


ASSOCIATE MEMBER. (One Vacancy.) 
H. T. Young. 


AssOCIATE. (One Vacancy.) 
D. N. Dunlop. 


Associate Membership Examination Results: 


April, 


1927 


Passed.* 


Abba, H. A. (Hull). 
Ablitt, G. W. (London). 
Atkinson, H. H. (Epsom). 


Bahna, G. Y. (South- 
ampton). 
Bowyer-5myth, P. W. 
(Portsmouth). 


Brickell, R. P. (Dublin). 
Cox, R. L. (Beaconsfield). 
Cutmore, R. R. (London). 
Davies, E. D. (Cardiff). 
Davies, E. J. (Harrow). 
Doré, C. U. (The Azores). 


Drane, H. D. H. (Gos- 
forth). 

Edwards, C. H. L. (Lon- 
don). 


Evans, D. W. (Rugbv). 

Fouracre, A. J. (Devon- 
port). 

Gerard, A. G. L. (Conway). 

Giles, F. C. (London). 

Grant, V. D. (Sutton Cold- 
ficld). 

Gray, A. (Hull). 

Hawke, C. (Plymouth). 

Hayes, L. W. (Coulsdon). 

Hazel, H. (Wembley). 

Hinnawy, A. M. (South- 
ampton). 

Hodgson, A. D. (Bedford). 

Hughes, H. M. (Alperton). 

Ibbs, F. S. (Liverpool). 

Ife, H. J. (Upper Halling). 

Jones, A. S. (Manchester). 

Jordan, W. S. (Gains- 
borough). 

Kehoe, H. (Bury). 

Land, J. E. (Huddersfield). 

McManus, J. (Halifax). 

McNicholl, J. G. (Maghera). 

Martin, M. W. (Glasgow). 

Maxfield, G. W. (Swindon). 

Minchin, C. W. H. (Glou- 
cester). 

Mitchell, E. J. W. (Horn- 
dean). 

Mitchell, G. W. (Hull). 

Mount, A. E. (Sidcup). 


Munn, H. S. (Birmingham). 

Newman, C. W. D. 
(Stroud). 

Nye, E. P. (St. Leonards- 
on-Sea). 

Oldham, C. F. (Hudders- 
field). 

Orme, J. L. (Cardiff). 

Ormerod, W. P. (Hinck- 
ley). 

Palmer, W. (Hull). 

Paul, S. W.(Southampton). 

Pealing, J. A. L. (Liver- 
pool). 

Philpott, S. F. (Birming- 
ham). 

Puckle, O. S. (London). 

Rait, D. M. (Sheffield). 

Ralph, T. (Hyde). 

Redclift, R. D. (Barry). 

Rennie, R. J. (Glasgow). 

Ricks, B. W. (Plymouth). 

Schou, G. R. (London). 

Sclater, F. A. (London). 

Segrave, M. (Wigan). 

Shuttleworth, J. I. (Hull). 

Skinner, E. H. (London). 

smith, J. R. (South 
Shields). 

Storrar, J. H. (Te:tenkall 
Wood). 

Tayler, F. W. (London). 

Tennison, A. J. (Croydon). 

Thomas, E. A. (New Ferry) 

Thornton, C. (Knowsley). 

Tyson, L. T. I. (London). 


Waite, W. E. (Wolver- 
hampton). 

Walsh, J. A. (Dun Laog- 
haire). 


Wardle, E. B. (Wallasey). 

Wasser, H. E. (Birming- 
ham). 

Weston, W. F. (Syston). 

Whittle, N. E. (London). 

Wilkinson, C. D. (Mans- 
field). 

Woodall, R. H. (Coven 
try). 


Passed Part I only. 


Andrew, A. R. (Plymouth). 
Hare, R. G. (Grimsby). 
Harris, A. H. (London). 
Hoar, H. G. (Plymouth). 


Kerry, A. (Southampton) 


Marsh, E. R. (London). 


Peters, F. M. (London). 


Todd, W. G. (Hastings). 


Wheeler, G. J. (Hull). 


* This list also includes candidates who are exempt from, or who have 
already passed, a part of the Examination and have now passed in the 


remaining subjects. 
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Passed Part II only. 


Hawkesley, E. (Hull). Parsons, E. N. (Hull). 
Hoban, H. C. (Gravesend). Phillips, C. B. (London). 


Hoffman, O. H. (East- Pierce, D. F. (London). 
leigh). Varley, G. (Birkenhead). 
Humphries, L. E. W. (Lon- Willard, L. A. (Hutton, 

don). Essex). 


Further results, relating to candidates who sat for 
the Examination abroad, will be published later. 


Informal Meetings. 
86TH INFORMAL MEETING (l0TH JANUARY, 1927). 


Chairman : Mr. F. Pooley. 

Subject of Discussion : '' Some Notes on the Earthing 
of Metal Objects other than Conductors ” (introduced on 
behalf of Mr. L. Henshaw by Mr. O. M. Andrews). 

Speakers: Messrs. J. F. Shipley, B. Higgs, W. A. 
Erlebach, J. H. C. Brooking, J. F. Perrin, J. T. Bedford, 
E. Walton, F. Tremain, W. Lang, H. J. Cash, W. E. 
Rogers, E. W. Moss, A. F. Harmer, W. J. Minton, P. S. 
Jackson, C. D. King. 


87TH INFORMAL MEETING (24TH JANUARY, 1927). 

Chairman: Mr. W. E. Highfield. 

Subject of Discussion: '' The Electricity Act.” 

Speakers : Messrs. H. M. Sayers, F. W. Purse, F. H. 
Masters, W. Day, M. Hart, M. Whitgift, W. A. Erlebach, 
W. H. Edridge, B. Higgs, J. A. Ramage, W. Lang, 
D. J. Bolton, J. R. Bedford, A. Wright, F. W. Shilstone. 


88TH INFORMAL MEETING (7TH FEBRUARY, 1927). 

Chairman: Mr. C. L. Lipman. 

Subject of Discussion : '' Some Interesting Features 
in Modern Installation Work ” (introduced by Mr. R. 
Grierson). 

Speakers: Messrs. H. J. Cash, J. R. Bedford, F. C. 
Raphael, W. E. Rogers, A. G. Hilling, J. F. Shipley, 
W. Lang, W. R. Rawlings, H. T. Young. 


89TH INFORMAL MEETING (21sr FEBRUARY, 1927). 

Chairman : Mr. M. Whitgift. 

Subject of Discussion : '' National Busbars of Central 
Europe '' (introduced by Mr. R. O. Kapp). 

Speakers : Messrs. M. Whitgift, W. E. Rogers, A. T. 
Scott, D. Dixon, J. F. Shipley, D. T. Powell, A. F. 
Harmer, J. D. Bushell, H. T. Young, W. E. Highfield, 
R. Grierson, J. A. Ramage, C. L. Lipman, F. H. Clough, 
J. F. Perrin. 


90TH INFORMAL MEETING (7TH MARCH, 1927). 


Chairman : Lieut.-Colonel K. Edgcumbe, R.E. (T.A.). 

Subject of Discussion: '' Wireless as a Factor in 
World Communication ” (introduced by Captain P. P. 
Eckersley). 

Speakers: Messrs. W. H. Edridge, W. Day, A. T. 
Scott, T. McGrath, W. Wheeler, R. Grigg, S. J. Styles, 
F. Ockenden, E. W. Hill, W. G. Taylor, D. Kingsbury. 


91st INFORMAL MEETING (21sr Marcu, 1927). 
Chairman: Mr. J. W. Beauchamp. 
Subject of Discussion: “ Domestic Electrical Re- 
frigeration ” (introduced by Mr. R. J. Mitchell). 


Speakers : Messrs. W. G. Taylor, W. A. Erlebach, W. P. 
Fanghanel, E. W. Moss, A. Willmott, W. E. Warrilow, 
S. A. Stevens, W. B. Clarke, A. F. Harmer, N. H. Charles, 
G. F. Bedford, W. A. Ritchie, C. B. Walker, W. Lang, 
J. W. Beauchamp, Lieut.-Commander D. Fitzpatrick. 


92ND INFORMAL MEETING (llrH APRIL, 1927). 


Chairman: Mr. A. H. Allen. 

Subject of Discussion: '* The Maintenance of Small 
Electric Plants ” (introduced by Mr. T. Hodge). 

Speakers: Messrs. A. F. Harmer, W. E. Burnand, 
C. Fisher, C. B. Walker, W. S. Hunt, T. W. Ellis, W. L. 
Wreford, W. A. Erlebach, F. P. Sexton, A. T. Scott, 
N. Elliott. 


The Benevolent Fund. 


The following is a list of the Donations and Annual 
Subscriptions received during the period 26 April- 
25 May, 1927 :— 

£ Ss. 


* 


Adams, C. (London) 

Arrowsmith, S. J. (London) 

Ayengar, T. K. R. (Bombay) 

Barnes, C. W. (London) 

Baynham, H. P. (Carlisle) 

Benham, C. M. (New Malden) id 

Bennett, T. C. (Wakefield) .. s — | 

Breach, L. (Liverpool). . i 

Brooks, R. (Sale) : 

Brown, J. (Edinburgh) as T F 

Browne, O. H. (Northampton) = E 

Burgess, P. J. (Birmingham) .. 

Burnett, H. R. (Barrow-in-Furness) . 

Burns, S. (Newcastle-on-Tyne) - 

Butters, Sir John (Canberra) .. S w 4 

Carter, F. W. (Rugby) 

Charman, C. E. (Mitcham) 

Claret, W. E. (Wakefield) 

Cleaver, R. L. (London) . . 

Clements, H. (Chuquicamata, Chile) | i5 

Coates, W. A. (Tokio) . vi . iu ^ 

Electrical Engineers' Pall Committee .. 75 

Everest, A. R. (Rugby) ys iri a 1 

Ferguson, J. D. (Manchester). . : T 

Fox, J. T. (London) .. ja aie be. 2 

French, A. J. (London) : = 2m 

Gear, W. J. (London) .. 

Gibbs, W. R. (Athens) 

Grainge, J. R. W. (London) 

Hands, H. F. (Birmingham) .. 

Herbert, T. E. (Manchester) . 

Hick, E. A. (Cottesloe Beach, W. Australia) 

Hoult, H. (Sheffield) : 

Hunter, N. (Dover) 

Ivison, E. J. (London)... 

Joseph, S. (Liverpool) . Ue 

Kelsall, H. A. (Chandernagore, India) 

Kelso, J. C. (Glasgow).. os 93 

Kempster, J. W. (Port Glasgow) is ee: ol 

McCandless, J. (Dublin) ee - 

McGeoch, W. (Birmingham) . ae ol 
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Malpas, A. E. (Liverpool) 
Mather, J. F. (Bradford) 


Melbourne, C. J. (Burton-on-Trent) .. 


Mitchell, G. W. (Hull) 

Newell, C. A. (London) - 
O'Brien-Malone, P. J. (Dublin) 
Paterson, H. (Monkseaton) 
Perry, F. R. (Manchester) 
Prior, E. S. (Goole) .. 
Record, J. W. (Bowdon) 
Redman, W. (Shipley).. 

Ross, D. B. (Glasgow) .. 

Ross, W. (Aberdeen) 

Sillar, L. G. (Calcutta) 
Stenning, H. J. (Enfield) 
Stronach, H. M. (Glasgow) 
Taylor, C. P. (Gravesend) 
Taylor, H. J. (Wembley) 
Taylor, L. N. (London) 
Thomas, W. N. (Barnsley) 
Thompson, F. A. (Upminster) 
Turner, E. O. (Birmingham) .. 
Upasena, E. (Stafford) 
Vignoles, W. A. (Grimsby) 
Wakefield, J. H. M. (Guildford) 
Walker, F. (Sale) sd - 
Wallace, M. H. (Hong-Kong).. 
Whitehorn, H. K. (Maidstone) 
Wigner, F. H. (London) 
Wilkinson, H. W. (London) 
Willis, A. H. (West Bromwich) 
Wilson, G. H. (London) 
Wilson, S. S. (Singapore) 
Withycombe, R. (Zanzibar) 
Wittey, P. O. (Seaton) s% 


* Annual Subscriptions. 
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Accessions to the Reference Library. 
TAYLOR, F. G. An introduction to the practical use of 
logarithms, with examples in mensuration. 
sm. 8vo. 69 pp. London, 1901 
THOMPSON, M. DE K. Theoretical and applied electro- 
chemistry. Revised ed. 
8vo. 509 pp. New York, 1925 
Troup, J. D. Coal and ash handling plant. 
8vo. 156 pp. London, [1926] 
TURNER, D. M. Makers of science: electricity & 
magnetism. With an introduction by C. Singer. 


sm. Svo. 199 pp. London, 1927 
VARINOIS, M. La soudure electrique. 
la. 8vo. 429 pp. Paris, 1923 


VEREENIGING VAN DIRECTEUREN VAN ELECTRICITEITS- 
BEDRIJVEN IN NEDERLAND. De ontwikkeling van 
de electriciteitsvoorziening van Nederland tot het 
jaar 1925. 4to. 568 pp. Amsterdam, 1926 

WADE, Sons & Co., Lro. Wade's tables. Overhead 
electrical transmission lines. Strength of wooden 
poles, etc. Revised ed. 

4to. 65 pp. Hull, [1926] 

WALSH, J. W. T. Photometry. Illustrated with dia- 

grams by F. G. H. Lewis. 
la. 8vo. 532 pp. London, 1926 

War OFFICE. Signals Experimental Establishment: 
Technical report(s]. June, 1925—-June, 1926. Serial 
no. 31A-35a. [In ms.]. 

| fol. Woolwich, [1925-26; 

WHETHAM, W. C. D. The recent development of 

physical science. [5th ed.] 
8vo. 329 pp. London, [1924] 

WHITTAKER & Co., publishers. Whittaker's arithmetic 

of electrical engineering. 3rd ed. 
sm. 8vo. 219 pp. London, 1925 
WILKINS, F. G. R. Elementary heat and heat engines. 
sm. 8vo. 319 pp. London, 1920 
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STABILITY OF LARGE POWER SYSTEMS. 
By F. H. Croucu, C.B.E., Member. 


(Paper first received 29th October, 1926, and in final form 20th January, 1927; read before THE INSTITUTION 17th February, 
before the NORTH-EASTERN CENTRE 14th March, before the SOUTH MIDLAND CENTRE 30th March, and before the NoRTH- 


WESTERN CENTRE 5th April, 1927.) 
SUMMARY. 


The paper deals with the stability, voltage control, and 
power limits of electric power systems and machines—more 
particularly, large alternating-current systems. The subject 
is dealt with in the following sequence :— 


Definition of stability. 

Stability and power limits of simple circuits. 

Larger power lines. 

Artificial stability of power lines. 

Natural stability and power limits of alternators and 
synchronous machines. 

Short-circuits and transient stability of alternators. 

Internal reserve of excitation of synchronous machines. 

Artificial stability of alternators. 

Stability of exciters. 

Types of electric power supply systems. 

Feeders and transmission lines and their voltage control. 


The conclusions reached are that synchronous machines 
can be made sufficiently stable for all the usual purposes 
of power supply, and that the power limit and voltage regula- 
tion of transmission circuits depend principally on their 
series reactance. 


The smaller power systems in this country are being 
grouped together to form larger systems, and the larger 
ones are growing and are being interlinked. In some 
cases this growth is the result of evolution and is following 
economic demands, and in others efforts are being made 
to co-ordinate the various parts of the system so that 
they conform with the general scheme contemplated. 
It would seem to be a fitting time to initiate a discussion 
on the fundamental principles underlying stability of 
power supply. 

The stability of a system may be defined as its ability 
to respond to the power demands for which it was 
designed. The stability limit is usually reached when 
the power which can be transmitted over a line, or can 
be obtained from an alternator, is a maximum. As 
stability and voltage regulation are very closely asso- 
ciated, stability may also be expressed as ability to 
maintain voltage under the varying conditions of load 
for which a system, circuit or machine is designed. 

Generally speaking, transmission and distribution 
systems in this country are comparatively short, and 
have been arranged to give reasonably good voltage 
regulation, so that lack of stability has not been trouble- 
some; but in America and elsewhere, where power is 
being transmitted over long distances, it is being found 
that stability is becoming a subject for very careful 
investigation. Although transmission and distribution 
circuits in this country are usually sufficiently stable, 
we are probably nearer to the instability point on large 
synchronous machines than is generally realized, as will 
be shown later in the paper. 


In order to show more clearly what is meant by 
stability of a circuit, some diagrams are given. In 
Fig. 1 it is assumed that a substation or distribution 
point is fed over a line containing considerable reactance. 
The power factor of the load at the substation is assumed 
to be 0-8, and the reactance in the feeder 100 per cent, 
i.e. the reactance is equal to the impedance of the load 
under full-load conditions. In order to give normal 
voltage at the substation at full load, the voltage at the 
supply point must be 79 per cent higher than at the 
substation. If the voltage at the supply point remains 
constant at this value of 179, and if the load is varied 
in magnitude, but always with a power factor of 0.8, 
then the substation voltage will vary according to the 
curve ABC, where the voltage is given in relation to the 
current flowing. By plotting the product of current 
and voltage corresponding to it, a power curve DBC is 
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obtained. It will be noticed that this power curve 
attains maximum value at nórmal full-load conditions. 
The power factor at the sending end would be 0:446, 
and a machine of 179 kVA would be required to give 
100 kVA at the substation. 

On the assumption made of normal voltage at the sub- 
station at full load, the voltage at the sending end will 
depend on the power factor of the load; for unity 
power factor 141 volts would be necessary, and for 0-8 
leading power factor 89 volts. In all cases, however, 
the maximum power limit would have the same value, 
and would occur at full load. Fig. 2 gives the curves 
for unity power factor and Fig. 3 for 0-8 leading power 
factor. 

For a given assumed value of the sending-end voltage 
the power limit can be raised by raising the power 
factor of the load. 

If the load at the substation consists of induction 
motors, it is readily seen that such a system would be 
unstable—for if the motors are called upon to supply 
additional load they will respond by taking more 
current, with a resultant fall in voltage. The reduced . 
voltage will require more current and a further drop 
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in voltage, so that the voltage will rapidly fall off and 
the motors will come to a standstill. The system is 
unstable. If synchronous motors were installed instead 
of induction motors, the system would be equally un- 
stable if the power factor remained at the original value, 
but synchronous motors could be made to supply 
leading current to change the power factor, and the 
power limit could be raised. 

It should be pointed out that instability does not 
necessarily occur at the point of maximum power. 
For instance, if the load were to consist of lamps, heating 
devices or lightly loaded transformers, then the current 
would vary with the voltage, and it would be possible 
for the system to be stable, although the power limit 
had already been passed. 

In certain cases power instability is a very desirable 
characteristic of a circuit; for example, an inductive 
circuit is very suitable for supplying a furnace, as with 
varying resistance the load remains practically constant. 
By working at still higher currents, i.e. well beyond the 
power stability point, conditions can be obtained to 
give approximately constant current—a condition suit- 
able for welding. 


Speaking generally, the natural limit for power 


Volts and kVA 


stability of a circuit is reached when the external 
reactance is about 100 per cent; or, in other words, 
in the case of a transmission line the maximum power 
will be transmitted when the impedance of the load is 
approximately equal to the reactance of the trans- 
mission line. . 

When the reactance of a line is high, a large amount 
of reactive kVA is required to send the current over it. 
If this reactive kVA is supplied by the generators at 
the sending end these machines will be unduly large 
and will operate at low power factor, and the voltage 
at the sending end will be very high. It is preferable 
to subdivide the total reactive kVA, placing some at 
the receiving end in the form of synchronous condensers, 
as by so doing the power factor of the line can be raised, 
the voltage at the sending end reduced, and the voltage 
at the receiving end held approximately constant. 
The stability of the machines can be used also to raise 
the stability of the system. In certain cases synchro- 
nous condensers are connected to intermediate points 
along the line; this makes a long line equivalent to 
several short ones in series. 

The presence of considerable capacity currents in 
high-voltage lines helps to improve the power factor and 
reduce the amount of reactive kVA supplied by the 
synchronous machines. If the capacity current is large 
enough so that it has the same ratio to the power current 


as the reactive voltage has to the power voltage, then 
both voltage and current vectors will rotate through the 
same angle in any given length of line, and if in phase 
at the sending end will also be in phase at the receiv- 
ing end. This arrangement will give unity-power-factor 
transmission, the minimum voltage-drop in the line, and 
the minimum amount of synchronous machinery ; but 
if the reactance is high the line is liable to be unstable, 
and the machines at the two ends will have a consider- 
able difference in phase and be liable to fall out of step. 

A special form of this type of line is used for telephones 
and telegraphs, but in this case the line is stable because 
the load is a resistance load ; it operates far beyond its 
maximum power limit, as only a negligibly small, but 
admittedly very important, amount of power is delivered 
at the receiving end. 

In the present state of the art, where large powers 
have to be transmitted over long distances, it would 
seem desirable to split up the line into a series of shorter 
lines or else to generate and transmit at low frequency 
and convert to normal frequency by means of motor- 


Volts and kVA 


Amperes 
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generator sets at the receiving end. With low fre- 
quency the reactance could be made low enough to give 
the necessary stability, and as the voltage could be 
varied for varying loads the maximum use could be 
made of the capacity current to give unity power factor 
and reduce the size of the synchronous machines. 

The more usual type of transmission line in this 
country at present is, say, one of 26 miles carrying 
10 000 kVA at 33 000 volts ; and in the future probably 
one of 75 miles carrying 50 000 kVA at 132 000 volts. 
At 50 cycles the reactance of both these lines is about 
30 to 35 per cent, including step-up and step-down 
transformers. The diagram at the receiving end when 
delivering load at 0-8 power factor is given in Fig. 4. 
Such a line is stable up to a considerable overload. In 
the higher-voltage line there would be a capacity current 
approximately equal to the magnetizing current of the 
transformers. 

Reverting again to Fig. 1, where a circuit of 100 per 
cent reactance is considered and capacity current 1s 
neglected, if the voltage at the supply end could be 
so varied as to keep the voltage at the receiving end 
constant under all conditions of load, the power limit 
and stability would be raised indefinitely. Within 
limits, raising the power factor by means of leading 
currents from synchronous motors at the receiving end 
also increases the stability. This can be considered as 


CLOUGH: STABILITY OF LARGE POWER SYSTEMS. 


655 


making the circuit artificially stable. In certain cases 
artificial stability is of the greatest importance, as will 
be shown later. Artificial stability is not necessarily 
inferior to natural stability—the terms are only used 
in a distinguishing sense. A turbine does not naturally 
run at constant speed, but can be made to do so in a 
very satisfactory manner by means of a governor. 

The characteristic curve of a turbo-alternator with 
constant excitation and 0-8 power factor load is shown 
in Fig. 5, in which the power/current curve is also 
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shown. It will be noticed that the general shape is 
similar to that of the curves in Fig. 1. The voltage 
under no-load conditions is lower than in Fig. 1, because 
saturation of the magnetic systems limits the voltage. 
The maximum power coincides very closely with normal 
power—in fact the machine would operate normally 
just on the unstable point. Cases of instability, where 
alternators are supplying an induction-motor load, have 
actually occurred, and sometimes such cases are rather 
difficult to understand, because the motors will trip off 
the circuit due to the voltage falling, and, as soon as 
they have tripped off, the voltage will again be restored. 

In an alternator the excitation corresponds to the 
voltage at the source of supply, and the synchronous 
reactance to the reactance of a feeder. This “ feeder ” 
is highly inductive, but both ends are near together, 
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so that a regulator can be connected to the receiving 
end (the machine terminals) to control the voltages at 
the source of supply (the exciter). By this means 
artificial stability can be obtained. In Fig. 6 the curves 
of an alternator controlled by a regulator are also shown. 
The regulator is arranged to give a small voltage-drop 
from no-load to full load. This drop in voltage is 
desirable in order that alternators working in parallel 
may divide the inductive components of their load 
properly between them, in the same way that a drop 
in the speed governor of the turbine ensures a proper 
division of the energy components. The voltage is 
controlled by the regulator beyond the rated output of 


the machine, after which the excitation remains constant 
and the voltage drops. The power curve shows con- 
siderable margin of stability. 

The excitation required to produce full-load current 
with the terminals short-circuited is usually greater than, 
or at least equal to, the excitation required to produce 
normal voltage with the terminals open-circuited. This 
can be expressed in another way by saying that the 
synchronous reactance of the machine is 100 per cent 
or more. Of the 100 per cent reactance of the machine, 
about 15 per cent is reactance of the stator windings 
and independent of the rotor windings, and the re- 
maining 85 per cent is mutual inductance and represents 
the demagnetizing effect of the stator windings, and is 
usually called armature reaction. 

If a machine operating at normal voltage is suddenly 
short-circuited, the current momentarily rises to a value 
several times normal, and at the same time the exciting 
current rises to a high value by induction. The usual 
explanation of this phenomenon is that the flux remains 
temporarily at its normal value, so that the internal 
voltage remains at its full value and the current is 
limited solely by the winding reactance. Thus if a 
machine has a winding reactance of 15 per cent the 
current will be 6-7 times normal. 

Another explanation would be that there is a hvpothe- 
tical internal voltage in the machine, which is propor- 
tional to the increased excitation, and that the current 
is equal to this voltage divided by the total synchronous 
impedance of the machine. This increase in excitation 
occurs partly in the exciting winding and partly as 
currents in the heavy damping windings and solid metal 
parts of the rotor. 

This phenomenon of a momentary high current, when 
an alternator is short-circuited, means that such a 
machine has two limits of stability, one for gradually 
applied loads which gives a low value of stability, and 
the other, a much higher limit, which occurs when the 
load is suddenly applied, for instance when the machine 
is short-circuited. Under actual service conditions the 
stability will fall somewhere between these two limits. 

Fig. 7 is an oscillogram taken of a single-phase short- 
circuit test on a 40 000 kVA alternator. This shows 
the rise in stator and rotor current. The gradual rise 
in the rotor current is due to the currents appearing 
first in the damping windings and later in the exciting 
windings. On the switch finally opening, the voltage 
is re-established at about 80 per cent of its original 
value, showing that the flux has been suppressed to the 
extent of about 20 per cent during the period of the 
short-circuit. | 

Due to the special construction of turbo-alternators, 
the stator and rotor windings are nearer together than 
in salient-pole machines, and consequently the mutual 
induction is higher, which means that the leakage flux, 
or winding reactance for a given value of armature 
reaction, is lower. Early machines of this type had very 
small reactance, and very large momentary short- 
circuit currents. These heavy currents frequently 
caused damage to the windings. In modern machines 
the armature reaction is much higher, and consequently 
the winding reactance is higher also, and the short- 
circuit currents do not usually exceed 6 to 7 times 
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normal value. The machines themselves are not often 
damaged, but as the machines are now so much larger 
a short-circuit current of this magnitude means that an 
enormous amount of power is momentarily carried by 
the system; and damage may be caused to busbars, 
cables and oil circuit-breakers. 

The action of a regulator in altering the stability of 
a machine under steady-load conditions has already been 
mentioned, and we have just discussed the effect on the 
alternator stability of suddenly applied loads such as a 
short-circuit. 

The performance of an alternator under actual service 
conditions will be considered in more detail. For the 
sake of simplicity a modern turbo-alternator will be 
assumed. 

The most difficult service conditions exist where the 
load consists almost entirely of motors, such as in a 
factory or colliery. In this type of load the current will 
vary inversely as the voltage, and stability is inherently 
difhcult, but in a large power system there are many 
current-consuming devices such as lamps, rotary con- 
vertors, transformers, etc., in which the current varies 
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long there is considerable time available for the governor 
to act and the steam supply to be adjusted to the new 
conditions. 

In an alternator similar conditions exist, as there is 
in the rotor a considerable amount of magnetic energy 
which will supply excitation, whilst the voltage regulator 
is adjusting the exciter to the new conditions of load. 

The stored magnetic energy in the rotor can be 
determined by integrating the amount of energy supplied 
by the exciter to bring the flux up to its full value. 
This amount of stored magnetic energy can also be 
shown to be proportional to the product of the flux 
and the total ampere-turns. The energy is small com- 
pared with the rating of the alternator, but is con- 
siderable compared with the rating of the exciter, and 
has a value of about 4 or 5 kW-seconds per kW of exciter 
rating or time-constant of 2 to 2} seconds. 

During normal operation the armature reaction of 
the stator tends to suppress the flux, and the exciting 
current tends to maintain it. If there is a sudden 
increase in the load, additional currents are induced in 
the exciting windings and also in the damping windings 
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directly as the voltage, and consequently stability of 
operation is not quite so difficult in a large power system 
as in a small one consisting largely of motors. Even 
on large power systems instability has occurred and the 
system has shut down. 

The turbo-alternator has, or should have, two types 
of automatic governors, one operated by change of speed 
to control the power of the turbine, and the other 
operated by change in voltage to control the excitation 
of the alternator. The former controls the energy 
component of the current, and the latter the inductive 
component. Both these governors should operate so 
that the alternator is able to deliver both load current 
and wattless current up to any demands within the 
limit of the capacity of the machine. 

The mechanical rotating parts of a turbo-alternator 
set have a considerable amount of momentum or stored 
energy, usually amounting to about 6 or 10 kW-seconds 
per kW of rating of the set. This corresponds to a 
mechanical time-constant of about 3 to 5 seconds. This 
means that during any period when the load is changing, 
mechanical energy may be borrowed from the rotating 
masses to make up any excess or deficit in the supply of 
Steam energy, and as the time-constant is reasonably 


of the rotor. These flow in opposition to the stator 
currents and tend to oppose any change of flux during 
the changing period. The increase in magnetic energy 
associated with any increase in rotor current is taken 
from the mechanical energy of the rotating masses. 

The rate at which the flux ultimately changes depends 
on the losses caused by currents flowing in the rotor 
copper. Due to the large amount of copper on the 
Iotor, these losses are low and current can be sustained 
for an appreciable period by the magnetic energy of 
the rotor. The magnetism of the field acts as a link 
in the conversion from mechanical to electrical energy, 
and the stored magnetic energy acts as a reservoir for 
maintaining excitation during changes of load. 

So long as the flux remains at its normal value, the 
voltage on the system will also remain normal, except 
for the reactive drop in the stator winding and the 
supply line. 

The oscillogram shown in Fig. 7 should be referred 
to again. It will be noticed that even when the stator 
is exerting, due to the zero-power-factor load, a very 
heavy demagnetizing effect of over 5 times normal value, 
the rate at which the flux is decreasing in the machine 
is comparatively low, as shown by the value of the 
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exciter current and also by the value of the voltage at 
the terminals. After the short-circuit has been cleared 
it will be seen that during this short-circuit period (about 
4 second) the flux has remained at quite a high value. 

The design of regulator and exciter should be such 
that the excitation can be corrected to the new value 
required during the time available. The type of regu- 
lator usually found most suitable is the vibrating type, 
which intermittently short-circuits a portion of the 
field rheostat of the exciter. This type of regulator has 
light moving parts, and the motion is small, so that it 
responds very quickly to changes of voltage. 

The exciter must also be made to respond quickly to 
the control of the regulator. This means that the field 
spools must be made with low time-constants, and that 
it is preferable to use a separate source of power for 
exciting the field spools of the exciter. A battery may 
be used as a separate source of supply, but it is usually 
preferable to have a small auxiliary machine with a 
highly saturated magnetic circuit. This auxiliary 
machine can be incorporated in the same frame with 
the main exciter. 

The use of a separate source of supply for the exciter 
fields is highly desirable for another reason, as by this 
means instability of the exciter is avoided. In large 
machines main field rheostats are undesirable for several 
reasons, and therefore the exciter must work over a 
wide range of voltage. If made self-exciting its voltage 
is liable to be indefinite, and the exciter to become 
unstable at low voltages. This difficulty is removed by 
using a separate source of excitation. 

An alternator can thus be made to maintain approxi- 
mately constant voltage at its terminals under usual 
conditions of service, and is therefore artificially stable. 
The voltage of the supply network will depend upon the 
reactance in the feeders, and this should not be too high 
if satisfactory voltage regulation is required. If an 
alternator is intended to supply a long, highly inductive 
transmission line, it would not be sufficient to maintain 


constant voltage at the terminals ; it should be capable . 


of changing the voltage rapidly, so as to maintain an 
approximately constant voltage at the receiving end 
of the line. This would require an alternator having a 
rotor with a very low time-constant, which could be 
ensured by completely laminating the rotor, omitting 
all damping windings, and inserting a high resistance in 
series with the exciting winding, and also an exciter 
which would be instantaneously responsive to load 
changes. The excitation could be made to respond 
still more quickly to changes in load demand if some 
form of rectifier could be used to rectify a portion of 
the main current and use it for assisting the exciter. 
Such a machine has been contemplated, but it would 
not be desirable for systems such as would be used in 
this country, and it is only mentioned here as a matter 
of interest. 

When a fault occurs the voltage at the fault drops 
approximately to zero, and the current rises to a high 
value. Generally speaking, the power factor at the 
alternator during the short-circuit period is approxi- 
mately zero, as even if the initial fault has a high 
resistance, burning occurs almost instantly and tends to 
fuse the conductors together, so that the resistance is 


very low compared with the reactance of the circuit. 
This means that the flow of external power and the 
mean mechanical torque on the turbine are comparatively 
low, probably not exceeding full-load torque; conse- 
quently retardation of the turbine during the short- 
circuit period is not excessive. Calculations also show 
that if the oil circuit-breaker clears within the usual 
period of about } second, the resultant displacement of 
the alternator from the position it would have occupied 
is not excessive, and consequently when the fault is 
cleared the machine would be sufficiently nearly in 
phase with the alternator of a neighbouring section, so 
that these machines would quickly pull into phase again. 
A heavy short-circuited winding on the rotor helps this 
condition, it also helps in giving time for the regulator 
to operate, and is therefore desirable. 

The statement just made that the power during the 
short-circuit is not very great must be reconciled with 
the high torque which occurs during short-circuit. An 
explanation of this phenomenon might perhaps be given 
by pointing out that when a short-circuit occurs the 
rotor current, i.e. the total rotor current in the exciting 
winding and in the squirrel-cage bars, rises by induction 
to a very much higher value than normal, and as the 
rotor flux remains approximately constant the stored 
magnetic energy in the rotor is very considerably 
increased. This increase of stored energy takes place 
during a portion of a cycle, and is obtained by a small 
decrease in speed of the set; in other words a very 
considerable. amount of mechanical energy is converted 
into magnetic energy during a portion of a cycle, and 
it is this rapid change of energy which gives rise to the 
forces which tend to twist rotor shafts, etc. In the 
case of single-phase short-circuits and for unsymmetrical 
three-phase short-circuits the forces are of an oscillating 
nature. Itis possible also that in certain cases mechanical 
resonance may occur between the alternator and the 
turbine, causing an increase of this mechanical torque. 

The foregoing remarks show that suitably designed 
alternators can be made sufficiently stable, so that they 
can be regarded as fixed points when considering the 
primary voltage distribution of a system. The capa- 
bility of transmission lines and feeders of supplying 
power to, and maintaining voltage at, distant points of 
a system has also been touched on. The transformer 
substations fed from the primary system can be con- 
sidered as fixed voltage points for the voltage distribution 
of the lower-power, lower-voltage secondary feeders ; 
and similarly for the tertiary and quaternary systems 
if used. 

In the primary system the generator reactance limits 
the maximum fault current, and in the subsidiary system 
the reactance of the step-down transformers fulfils a 
similar duty. Any additional reactance in the feeders 
reduces their value as conveyors of power and should 
be kept as low as possible. 

The maximum fault current in a circuit should have 
some reasonable relation to the normal current carried. 
This means that a small feeder should not be connected 
to a high-power busbar, and a main trunk feeder should 
not be tapped to give a small power supply. The main 
primary trunk feeders should be used only to convey 
large blocks of power, and, in order to give maximum 
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reliability and reduce the cost of high-power switchgear, 
they should be few in number and have a minimum 
number of tappings. 

In the simplest form of system the alternators are 
connected directly to the busbars from which radiate 
feeders to various substations, where the voltage is 
transformed to a suitable value for the consumer. The 
voltage will be held steady at the busbars, and the 
feeder voltage-drop should be within the limit of 
satisfactory supply. 

The main oil circuit-breakers must be capable of 
interrupting the short-circuit current of the maximum 
number of alternators connected to the busbars. 

A fault will affect the whole system, but by the use 
of discriminating protective gear a defective part can 
be quickly isolated without disconnecting sound portions. 
Generally such protective gear is so designed that if 
the circuit is faulty it is instantly disconnected, but 
will be immune from operation on heavy, “through ” 
short-circuits. 

If the system is of greater power or intended to cover 
greater distances, higher voltage must be used for the 
feeders. In such cases it is usually preferable to run 
the busbars also at the higher pressure. The switch- 
gear tends to become cheaper at the higher voltage if 
the power is large, and the oil circuit-breakers can be 
more readily designed, due to the smaller thermal 
effects and electromagnetic stresses. 

If step-up transformers are used, these will be arranged 
on the unit plan, one bank being connected permanently 
to its associated generator. Such transformers do not 
require taps, as the voltage may be maintained steady 
on the high-tension busbars by allowing the alternator 
voltage to increase with increasing load, thus giving 
better voltage regulation in the feeders and at the 
substations. The reactance of these transformers serves 
to reduce the short-circuit current if a fault occurs in 
or near the power station, and the reactance is placed 
in the best possible position, namely, behind the busbars. 

Present practice indicates a limit for the fault current 
in any part of a large system, to that corresponding to 
about 500 000 kVA. In a large system it may not be 
possible to get down to this value without using so much 
reactance that the voltage regulation is too poor, or 
the system tends to become unstable. In such cases 
the system should be split into groups which, however, 
will be connected together by means of the lines con- 
taining considerable reactance. If the sections are 
situated in the same power house, they can be tied 
together by means of reactors at times of maximum 
load, when all machines are running. At times of 
light load, when fewer machines are running, and 
consequently the maximum fault current is lower, the 
sections can be closed up by short-circuiting some of the 
reactors. The amount of reactance between sections 
should be such that the sections are tied together 
sufficiently loosely, so that in the event of a fault in 
any one section the voltage on the other section is not 
too seriously affected, and yet sufficiently tightly, so that 
the machines in adjacent sections will operate satis- 
factorily in parallel and a certain amount of power can 
be transferred from one section to another if required. 

The actual amount of this reactance will depend on 


the conditions of the system, type of machines, and on 
the sizes of the sections, but where there are several 
sections it has been found that the conditions can 
usually be met if the reactors are so proportioned that 
on the occurrence of a fault in any one section about 
50 to 60 per cent of the fault current is supplied by that 
section, and the remainder from adjacent healthy 
sections. If the sections are in different power houses 
situated some distance apart, then either the tie lines 
between them will operate at the busbar voltage or, 
if the stations are very far apart, it might be necessary 
to employ step-up transformers and operate the tie 
lines at a considerably higher voltage. 

Where the tie line has the same voltage as the busbars 
the reactance may be too low, especially if cables are 
used. In this case reactors may have to be inserted at 
the ends of these tie lines. Another alternative is to 
connect the sections at the low-tension busbars of the 
substations only. By this means the reactance of the 
step-down transformers can be used between the sections. 
If transformers are used in the tie line, such trans- 
formers will have a reactance of from 8 to 10 per cent, 
based on the capacity of the tie line, which might mean 
about double this amount based on the capacity of the 
section, thus there will usually be ample reactance in 
such high-voltage tie lines. 

A tie line between power stations is usually put in 
with a definite intention of supplying power in one 
direction, either because one station has more efficient 
plant than the other, or because it has a bigger reserve 
capacity, or the supplying station may be a water- 
power station or a waste-heat station. 

If the reactive kVA of the line and load is supplied 
by the generators at the sending end, then their voltage 
must be raised to deal with the line drop. If, however, 
synchronous condensers are installed at the receiving end 
of sufficient capacity to supply the reactive kVA of the 
load and part of the line, there will be very little line 
drop. In this latter case voltage control at the receiving 
end can be effected by adjusting the capacity current 
of the synchronous condensers, provided that the 
voltage at the sending end is kept high enough to give 
stability. 

In certain cases it may be necessary to transfer power 
in either direction over a tie line. If there is sufficient 
reactive capacity at both ends, then the direction and 
amount of the energy flow can be controlled by adjusting 
the governors of the prime movers, and the proper 
voltage can be controlled by adjusting the excitation 
of the synchronous machines. In actual practice there 
will usually be more synchronous machinery available 
at one end than at the other, and consequently it may 
be necessary to use taps on the transformers to get the 
right adjustment of power flow and voltage. It will 
probably be a convenience if tap-changing can be done 
under load. 

An example to illustrate these conditions may be 
of interest. Assume a line capable of carrying 50 000 
kVA, such as that already referred to in Fig. 4. If no 
synchronous condensers were used the generators at the 
sending end would have to be rated at approximately 
60 000 kVA at 0-67 power factor, and the voltage-drop 
over the line and transformers would be about 25 per 
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cent. If synchronous condensers were installed their 
rating would be about 40000 kVA; but in that case 
the generator would be only about 40000 kVA and 
could operate at approximately unity power factor. 
The synchronous-condenser arrangement is more costly 
than the other, as a total plant capacity of 80 000 kVA 
in two machines is needed, instead of 60 000 kVA in 
one. There is, however, a saving in the size of trans- 
Íormers. 

The power limit of the line will depend primarily 
upon the total reactance, which should preferably not 
exceed about 50 per cent; but actually rather more 
stable conditions will exist if synchronous condensers 
are installed. Voltage control at the supply point by 
means of synchronous condensers is more conveniently 
and satisfactorily carried out than by changing the 
voltage at the sending end, or altering transformer taps, 
which would be necessary if no synchronous condensers 
were installed. Synchronous condensers can provide 
reactive kVA where it is wanted near the load, and 
consequently lagging currents need not be transmitted 
over inductive lines, and the voltage regulation of the 
system is better. 

It has already been pointed out that when power is 
supplied over an inductive line there is a considerable 
phase angle between the voltage vectors at the two ends. 
Synchronous machines carrying load have also an internal 
phase displacement between their mechanical and 
voltage vectors. If machines at both ends of a line are 
operating as generators, the difference in their mechanical 
displacement will be approximately equal to the phase 
difference due to the load in the line. If the machine 
at the receiving end is a synchronous condenser, the 
mechanical displacement will be that of the generator 
and line, whereas if the receiving-end machine is running 
as a motor, the total displacement will be due to the 
generator, line and motor. If there is a change in load 
of either machines or line the displacements will change 
also. When the load changes suddenly, mechanical and 
electrical oscillations may occur. 

When a synchronous machine is oscillating, the power 
flow and torque may be assumed to be proportional to 
the amplitude of swing, as shown by the line BAC in 
Fig. 8. For large angles there will be a tendency for 
the power to droop, as shown by the line B,AC,, but, 


depending on the frequency of oscillation and the 
time-constant of the rotor, supplementary exciting 
currents will be induced which will prevent this droop. 
A damping winding on the rotor will produce a torque 
displacement curve BDCEB, and the oscillations will 
be quickly quenched. 

If two machines, or a group of machines forming 
two systems, are coupled by means of a small tie line, 
the torque will be lower for a given amplitude of dis- 
placement, on account of the limited power that can flow 
over the line, and the relationship will be as shown by 
curve FAG. Such a tie line would be too small to hold 
the systems in synchronism when a bad load fluctuation 
occurred, although it might be sufficient to hold them 
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in synchronism during normal steady service. A larger 
tie line would hold the systems in synchronism, but 
would allow too much current to pass if a fault occurred. 
A solution might be to connect portions only of the two 
systems together. In some cases where it is not 
economically feasible to build a sufficiently large tie 
line, the systems may be allowed to break apart at a 
suitable point where the least disturbance to the power 
supply will occur. | 

It is realized that the foregoing remarks give only an 
outline of the subject of voltage control and stability, 
but it is hoped that the discussion will supply some of 
the deficiencies of the paper. 

In conclusion the author wishes to express his apprecia- 
tion of the assistance and advice given him by several 
of his colleagues. 
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Mr. C. H. Merz: A good deal of the phraseology 
of the paper is very happy, and brings before us clearly 
the functions of the different elements which have to 
be considered in an electrical system. I especially 
refer to the mention of governing in col. 1 of page 656. 
The paper is particularly opportune, because I under- 
stand that our legislation has now arrived at a point 
of stability. I am told that it was arrived at after a 
somewhat complicated system of procedure in committee 
(of course not by members of this Institution) in which 
there was some combination of capacity and reaction 
which was not altogether expeditious; but I have no 
doubt—at least I hope—that the system which will 
result will not be quite as complicated, though some 


of the references in the paper suggest the opposite. 
For instance, the system in col. 2 of page 654 forecasts 
two periodicities, which is what we would hope to 
avoid. At any rate, the legislation which has been 
passed should result in the electrical state of this 
country being very different in a few years’ time from 
what it is to-day. Undoubtedly the paper raises notes 
of warning on points which must be borne in mind by 
all members of the Institution and by anybody con- 
nected with electric power supply, whether with small 
or large systems. These questions of instability have 
probably arisen in the experience of most of us from 
time to time. In the early days when we had to 
consider operating, in parallel, Mordey alternators 
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driven by reciprocating engines, we had difficulties 
which in fact almost made it impossible to run the 
machines in parallel at all, but these did not arise, I 
imagine, on account of any of the elements of insta- 
bility to which the author refers in alternators such as 
he has in mind in writing this paper. Later on we had 
experience in this country of tying together electrical 
systems by comparatively small tie lines where again 
there was difficulty, even with much improved turbo- 
alternator generation, in running in parallel. Those 
difficulties have, in general, been got over as additional 
mains have been laid tying together the two systems, 
and it has been possible to convert a system, which 
could only be held together at times when everything 
was all right and when there was no great variation 
in the load, into a system which can be depended upon 
permanently to remain in parallel. Then, again, those 
of us who have had to do with the design or installation 
of long transmission lines will have come across cases 
where it has been most necessary to consider the capacity 
of machines compared with the charging currents of 
lines; but it is fortunate that, in general, such diffi- 
culties are overcome as the load increases, as more 
machines are running, and generally as the system 
grows. The surmounting of other difficulties which are 
apt to occur, due, for example, to the capacity of oil 
circuit-breakers for dealing with short-circuit currents, 
and the design of large, complicated systems such as 
are beginning to arise in this country and such as have 
arisen in America, depends upon a careful balance of 
conditions. On the one hand we must avoid the 
possibility of too much power and too large currents, 
and on the other hand we must avoid insufficient 
capacity or flow of power to deal with any conditions 
which may arise. I think it is very necessary to bear 
in mind that attention must be paid, not so much to 
the supply of power which the system is designed for 
or is designed to give, but to the momentary supply 
of power which the system or any part of the system 
may have to give under fault conditions ; and that is 
more difficult. If there is a short-circuit on a particular 
part of the system there must be a sufficient energy 
flow and voltage to operate the protective devices, 
whatever they are, which are there for the purpose of 
cutting out the faulty section; and that is not so easy 
to provide unless greater risks are run in other direc- 
tions. The author refers to various combinations of 
circuit arrangements which he thinks may help to 
provide that reliability of service which in this country 
we have always set before us as something to be aimed 
at. For instance, he refers to separate excitation of 
the exciters rather than self-excitation. That is a very 
workable arrangement, and on some stations it has 
operated very successfully, but to some extent, in the 
form usually adopted, it goes against the policy of 
subdivision, which I am sure we are right in adopting 
wherever possible. There are certain things which 
every power station must have in common. There is 
the water supply for condensing purposes; there is 
probably the coal delivery system. But otherwise we 
try to keep different units of a large station as inde- 
pendent as possible. For instance, with electrical 
busbars in a large and important station we consider it 
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necessary to introduce reactances between sections so 
as to avoid a large flow of power. To connect the fields 
of all the exciters to a common system, which would 
be the simplest arrangement to adopt, would, I think, 
not necessarily be an improvement. The author puts 
forward a scheme for combining with each exciter a 
small generator to excite the exciter field. This seems 
to me an added complication and I should prefer to 
see it dealt with by a compound winding on the exciter ; 
this has proved quite successful in practice. Again, 
the author, in discussing the question of the introduction 
of feactances between different sections of a power 
station busbar, refers to the possibility of cutting these 
out at times of light load. That, I think, would not be 
a very desirable arrangement unless it were done 
automatically, because there would be an element of 
uncertainty as to whether the reactances were in circuit 
when they were most wanted, and I think that one of 
the most important things to take care of in the design 
of a power station is not only to provide for dealing 
with faults when they occur, but to prevent the possi- 
bility of switching operations causing undue damage 
or interference with supply. On page 658 the author 
refers to the use of power station switching at the 
transmission voltage, and I gather that he thinks that 
this will be increasingly adopted. While it is possible 
and desirable to adopt it where there is little likelihood 
of more than one voltage being required for the system 
which the switchgear is supplying, it is not so satis- 
factory where there is a possibility—as there largely 
will be, I think, in this country—of several, or at any 
rate two, voltages having to be taken out from the 
generating station, because if switching is done at a 
higher pressure than the generation pressure and the 
transformers are connected directly to the generator 
terminals, then if a higher or lower pressure than the 
busbar pressure is required there will be at the power 
station two transformations in series, which is obviouslv 
not desirable. I do not know that it has been generally 
appreciated in this country that it is the objection to 
that double transformation which has resulted in the 
Americans almost universally switching at the genera- 
tion pressure, in spite of the greater difficulties which 
that may introduce. I agree with the author that for 
this country, at any rate for the present, it is probable 
that tap-changing of transformers for the purpose of 
regulating voltage is likely to be used more than 
synchronous condensers. At the same time I hope 
that designers of apparatus will give some study to the 
question of the design of synchronous condensers, So 
that if, and when, they are required something may be 
available upon which to base schemes, rather than 
that we should leave it over until they are actually 
wanted. From what I know of their use in other 
countries it has been possible by careful design, and by 
adopting the right speed and size, very much to cheapen 
the cost of machines per kVA compared with what one 
might at first sight expect from a consideration of the 
cost of turbo-alternators and similar dynamo-electric 
machines. 

Mr. A. R. Everest: The author has asked us to 
consider the situation arising from the prospective 
developments which lead to the grouping of systems 
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and the use of interconnected lines, and the probability 
that these new features will bring into prominence 
certain inherent limitations of stable operation which 
have hitherto not been conspicuous; and, further, that 
in order to maintain stability of operation under these 
prospective new conditions it may be necessary to 
take additional precautions which have not been con- 
sidered essential (at least not to the same degree) up 
to the present; and I venture to think that the con- 
clusion in the summary of the paper is not perhaps 
sufficiently emphatic when it says: '' The conclusions 
reached are that synchronous machines can be made 
sufficiently stable." I should like to see the words 
“can be " put in capital letters to imply that it means 
something different from what we had in the past. 
The difficulties which may arise under these new con- 
ditions are, as the author has pointed out, associated 
essentially with sudden changes of voltage on a system 
and of sudden changes of phase position on a syn- 
chronous machine; both those features are liable to 
be exaggerated under the new conditions which may 
arise when large interconnected power systems are 
developed. As regards the question of voltage-change, 
on page 655 the author points out that the alternator 
itself has inherently a kind of magnetic storage which 
prevents the change of voltage instantaneously following 
an abrupt change of load. The voltage changes only 
gradually as the flux dies away; that is to say, it is 
dependent on the time-constant of the machine. Some 
years ago experiments were made with a view to 
increasing artificially the time-constant of the machine 
by loading the rotor exciting circuit with inductance. 
Those experiments were a failure, due to the fact that 
excessive voltages were developed across the inductance 
and therefore across the rotor slip-rings, which caused 
the rotor windings to break down. The fundamental 
principle was, however, recognized then, and I think 
the fact that it was impracticable to lengthen the 
time-constant much beyond what it is to-day was 
recognized also. If we accept this fact it is evident 
that the problem of quick voltage recovery on a load 
change becomes a problem of the exciter and the 
automatic voltage regulator. Changes in phase are 
referred to on page 658, and the author points out 
that whereas changes in voltage really are the disturbing 
elements which are more likely to upset an induction 
motor, phase-changes are the elements which upset a 
Synchronous machine load. It is pointed out that if 
machines are displaced from their normal position, by 
increasing the displacement angle up to a certain point 
the restoring torque increases, but we must not go 
beyond that point, otherwise our machine falls out of 
step. I should like to point out that if several generators 
are running together in a station and, due to bad 
adjustment of excitation, one of these generators is 
carrying more than its share of the exciting current of 
the station so that the machines are normally out of 
phase with each other, a condition may be reached in 
which one or more of the machines is already practically 
at its limit of stability and has no room to take any 
further swing which might be demanded to carry over 
an instantaneous shock. 

Mr. W. E. Highfield: The problems dealt with 


really centre around the use of high pressures and 
long lines, since with short lines and low pressures the 
undesirable characteristics of lines are, comparatively 
speaking, negligible in effect. In any system of trans- 
mission it is essential to keep the pressure constant 
at the receiving end. From known facts it is not 
possible to keep the voltage constant at the receiving 
end of long transmission lines solely by regulation of 
the main alternators, and this is clearly shown in Fig. 1. 
To build an alternator for such wide ranges of pressure 
becomes impossible, and some form of compensation of 
the undesirable characteristics of the lines becomes 
essential. The lines may be compensated in several 
ways and can be treated as any other piece of electrical 
apparatus, as, for example, a dynamo machine which 
is compensated for armature reaction, reactance and 
other undesirable features. The author suggests two 
methods of dealing with undesirable line characteristics. 
The first admits them and compensates for them by 
splitting the line into sections in series with each other. 
The second method reduces the values of the unde- 
sirable characteristics by proportionately reducing the 
frequency of transmission. Considering the first sug- 
gestion, it is necessary to see what problems are involved, 
and that they are complicated can be seen by con- 
sidering what occurs in the circuit. From the sending 
end the outgoing current first meets with (1) ohmic 
resistance and (2) reactance in quadrature to the current. 
Imposed on the load current is (3) a current flowing 
from one conductor to the others in phase with the 
voltage and coming from the insulator leakage and 
corona effect. This is true power. Finally there is 
(4) the charging current in leading quadrature to the 
voltage. It is obvious from this that the calculations 
for establishing the characteristics of the lines at all 
loads are involved and require an accurate data sheet. 
One would never think of making a dynamo or other 
piece of electric apparatus without first calculating the 
data sheet, and I think the same holds good for trans- 
mission lines and systems. I lay stress on this point 
because I believe it is one on which we are probably 
weak. In making the calculations it is always well to 
eliminate any factors that can be eliminated, and, for 
lines where the undesirable factors are high, I main- 
tain that the load power factor is such a one and 
should be eliminated by compensating machinery at 
the receiving end. There is then left the line and 
the power house, and, where justified by conditions, the 
power house can be eliminated in the same way as the 
load power factor. The line then becomes a problem 
by itself and it can be compensated at both ends and 
if necessary at one or more points along its length. 
Appropriately designed, such a line will approximate, 
as closely as an alternating-current line can, to Thury's 
ideal constant-current line. Whether the current is 
constant or only partially so depends upon the charging 
current or, in other words, the length of line, the pres- 
sure and other matters. But a line under constant con- 
ditions of magnetic and pressure stress is the safest 
kind of line one can have, whether it be overhead or 
underground. Although it is inherently unstable, its 
performance, in practice, will be stable, although 
naturally this stability under changing load conditions 
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is dependent upon the automatic control of the excita- 
tions of the compensators. I believe that the resort 
to a lower frequency is one to be avoided. That it 
will effect its purpose is obvious, but the sacrifices are 
considerable. We must face two frequencies, one for 
transmission and one for supply, with the consequent 
frequency-changers required. We must abandon the 
3 000 r.p.m. turbine, the deyelopment of which has 
been so largely due to this country. It is true that 
Canada is adopting or considering 25 cycles for her 
220-kW lines, but it is not intended to change frequency, 
and this puts another complexion on the matter. One 
reason (and perhaps the main reason) why it is so 
important to study the problems raised by the author 
is that it is the essence of continuity of supply. The 
importance of this has been a feature of British practice 
and has been referred to by Mr. Merz. In this con- 
nection I have recently had to deal with supply from 
aerial lines at 45 and 90, kV. The power is largely 
taken by cotton spinning and weaving factories. The 
interruptions have been considerable, and naturally 
they produce a bad effect among customers who 
measure reliability in terms of the low-speed steam 
engine. It is to that measure of reliability that we 
must attain. Cable makers will be interested to know 
that the solution being pursued is not a scheme of 
compensation, as might be supposed, but simply to put 
the 45-kV line underground, using single-core cables. 
I think that the practice of separately exciting exciters 
for the alternators is sound. The main exciter is 
supplied with a separate exciter on the same shaft. 
Such a combination is stable under wide variations of 
voltage. The main exciter is stable because, although 
it may be working low down on the saturation curve, 
it is separately excited. The main exciter’s exciter is 
stable because it is working on the saturated part of 
the curve. The arrangement is good and has many 
advantages. In raising these problems the author has 
done a real service to the industry. 

Major A. M. Taylor: One or two of the speakers 
in the discussion have implied that no danger is to be 
feared from instability except on very long power 
transmissions, but I would point out that the Americans 
are evidently coming to the conclusion—and this is 
my own view—that equal attention must be given to 
short-distance transmission where the power is of a 
very large order. The author suggests generating at 
a lower frequency and raising the frequency at the 
receiving end of the line in order to reduce the reactance 
of the line, where it is a long one. This is also my 
own view, but it is not the only way, and I do not 
believe that it is realized, either in this country or even 
yet fully in America, that the best way to cure the 
reactance trouble is to raise the voltage, and I believe 
very firmly that instead of the old-fashioned rule of 
1000 volts per mile, the voltage, even of short trans- 
mission lines—if the power is considerable—could with 
great advantage be doubled or even trebled. It is 
perhaps not generally realized that if we double the 
voltage we can reduce the reactance effect four-fold. 
The effect of doubling the voltage is also to reduce 
greatly the cost of the overhead line per kW trans- 
mitted. I do not consider that the author’s diagrams 
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are at all satisfactory. They are apparently not even 
correct, because the dotted curve, termed the “ power 
curve," has a scale of kVA as ordinates. Moreover, 
the use of abscisse for ‘‘ current ” is also unsatisfac- 
tory and takes no account of the possibilities of utilizing 
synchronous condensers, and is only applicable to one 
power factor; and to the induction motor (not to the 
line). It also contains no pictorial information as to 
the various happenings in a synchronous condenser, and 
no line “ rise ” and ‘‘ drop ” as the true load of the motor 
varies. The consideration of the best method of 
representing all these phenomena and in particular of 
taking account of the fact that the relations of the 
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voltage at the receiver and at the generator, and the 
variation of current in the line, can only be done by 
the use of equations involving hyperbolic functions, 
leads us to the use of the circle diagram as the only 
satisfactory way of completely representing all that is 
taking place. The circle diagram has the additional 
advantage that it even goes so far as to show graphically 
the changing phase relations between the generator 
voltage and the receiver voltage during variations of 
the power load at the receiver. From the circle diagram 
shown in Fig. A we can construct a second diagram 
(Fig. B) which expresses clearly what is happening to 
the synchronous condenser and to the receiver voltage, 
and the same diagram can be made to show the con- 
nection of the excitation current of the synchronous 
condenser with the voltage obtaining at the receiver, 
and with the leading or lagging kVA given by the 
synchronous condenser. From this diagram it is easy 
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to predict the point at which the synchronous condenser 
cannot cope with the situation and where it will be 
automatically disconnected from the circuit. For 
ample, if the voltage at the receiver falls beyond point 
“B” with 175000 kW, obviously the condenser is 
rapidly overloaded, in spite of the fact that the voltage 
continues to fall (the condenser rating is 90 000 kVA). 
This, of course, is the point of instability. A further 
diagram (not reproduced for the Journal) shows the 
relation between the variation in the voltage at 
the receiver and the effect of that variation upon the 
leading or lagging kVA taken at the different classes 
of load, viz. the synchronous-motor load, the induc- 
tion-motor load, plain transformer exciting “load " and 
synchronous convertor load. It is, of course, important 
to know the behaviour of these different classes of load 
under the varying receiver voltage. In connection 
with the use of underground cables, reference to the 
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formers described in the paper, in certain cases a new 
and hitherto unsuspected cause of instability due to 
the action of the transformers will arise. I have dis- 
cussed this point with most of the leading transformer 
experts and on the whole they appear to be in agree- 
ment with my views. Fortunately, however, this 
action would only occur under certain quite rare 
conditions. Nevertheless these conditions might be 
such that this occurrence would be very serious. In 
connection with an earlier remark that the increased 
capacitance current, due to the use of underground 
cables, in passing through the inductance of the cables 
might involve the provision of a rather heavy lagging 
current by the synchronous condenser, I should like 
to point out that, by the use of very-high-voltage under- 
ground cables, such as I am advocating, not only is 
the inductance greatly reduced, but the capacitance 
current is also considerably less, for an equal kW 
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circle diagram shows that a large part of the output 
of the synchronous condenser is, in an overhead system 
(at light loads), occupied in overcoming the effect of the 
rise of voltage at the generating station due to the 
charging current of the line traversing the inductance 
of the overhead line. This portion might not be greatly 
reduced by the use of underground cables. On the 
other hand, at times of full load the demand upon 
the rotary condenser for leading kVA will be greatly 
reduced, because of the greatly reduced inductance 
of the underground cables. I fully agree with Mr. 
Merz’s remarks as to the arrangements of the gene- 
rators and transformers at the generating station. 
I have, in fact, for the last two years contended that 
it is desirable to adopt this arrangement of trans- 
formers at the generating station, but for reasons 
different from those advocated by Mr. Merz (which, 
however, I fully concur in), and I believe that, with 
the method of arranging the generators and trans- 


load transmitted, than in the case of lower-voltage 
cables ; the reason being that one can employ a greatly 
reduced total number of cables and therefore the total 
sheath capacitance is considerably reduced. The con- 
denser might thus, in certain cases, be dispensed with 
altogether—a very important result. 

Mr. H. W. Taylor: Everyone will agree that alter- 
nator operating characteristics as shown in Fig. 6 are 
desirable, but it must be remembered that such charac- 
teristics only obtain if the exciter responds quickly 
to any change in the load of the alternator, for although 
it is true, as the author suggests, that the magnetic 
inertia of the alternator system tends to maintain the 
alternator voltage upon change of load, it is only at 
the instant of the change that the voltage is held up 
and immediately afterwards commences to fall away 
in accordance with the time-constant of the alternator. 
Immediately the alternator voltage thus commences 
to drop, the exciter is required to raise its voltage, 
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and there then ensues a race between the dropping 
alternator voltage and the rising exciter voltage. The 
exciter always wins, but what is required is that the 
exciter should win quickly, and it will win more quickly 
if it is separately excited than if it is self-excited. 
Three advantages are obtained by separately exciting 
the exciter. The first is that the exciter voltage is 
quite stable, even down to the very lowest values. 
Secondly, it builds up its voltage or loses its voltage 
more quickly to meet the condition of increasing or 
decreasing load. Thirdly, if the time-constant of the 
exciter is approximately the same value as that of the 
alternator, as will often occur if the exciter is self- 
excited, oscillations of the exciter and alternator 
voltages occur upon any change of load, but these 
oscillations are absent when the time-constant of the 
exciter is small compared with that of the alternator. 
In practice it has been found most convenient to 
provide separate excitation by means of a small machine 
built in with the main exciter, and in order to meet 
the objection that this small machine may be a “ weak 
link " it should be tested for a long period with five 
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Mr. C. H. Davidson : The paper is most opportune 
in view of the forthcoming linking of large power 
systems in this country, which will doubtless provide, 
sooner or later, more problems concerning stability. 
With regard to the proposal to split up long lines into 
a series of short ones and to transmit at low frequency, 
one would imagine it would be better if the use of any 
non-standard frequency machinery could be avoided, 
as such use is surely against the spirit of the new order 
of things. The author mentions the use of automatic 
voltage regulators for turbo-alternators. These are 
very necessary for ensuring stability where large sets 
are run at light load with a leading power factor, a 
condition which often occurs during the early stages of 
growth of a large system. Under such conditions of 
power factor the inductive component of the current 
provides so much of the alternator excitation that the 
amount to be provided by the exciter at light loads 
may be less than that required by normal voltage at 
no load. Any drop in the load then means a drop in 
excitation and a corresponding decrease of terminal 
voltage, this again resulting in further decrease in 
load. The consequence is that the voltage may fall 
very low unless an automatic voltage regulator is 
used. The modern high-reactance machine calls for 
an exciter with a large voltage range, and with a self- 
excited exciter it is very difficult to ensure stability. 
It is probable that most operating engineers who have 
had experience with such machines would agree with 
the author's proposal to apply separate excitation to 
the exciter to ensure stability. The scheme proposed 
by the author, namely, to have an auxiliary exciter, 
has the advantage that the unit is self-contained. 

Mr. W. D. Horsley: Difficulty with instability of 
voltage in large power plant, when experienced, may 
be due to a variety of causes; but it is mostly attri- 
buted to the exciter. The alternator itself, as indicated 
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times the current required for the excitation of the 
main exciter under maximum conditions. 

Mr. Arthur Wright : In California apparently the 
limit of the line has not been reached in circuits 
250 miles long carrying 100 000 kVA. It is only at 
distances greater than this that the question of stability 
arises. In some discussion which occurred during the 
last two or three years as to the possibility of con- 
necting up New England with Quebec, a distance of 
400 miles, Profs. Jackson and Moreland came to the 
conclusion that 400 miles is beyond the limit of stability 
unless synchronous condensers are installed in the 
middle of the line. On a 220 000-volt line that is quite 
a serious matter, but up to 250 miles the stability of 
the line has not been endangered. In California 
apparently they can transmit up to 180000 kVA over 
each 250-mile circuit in times of emergency. This 
shows what a tremendous range there is in stability 
at 220 000 volts. 


[The author’s reply to this discussion will be found on 
page 672.] 
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by the author, may be responsible, but this is likely 
only if the alternator is operating under conditions 
for which it is not designed. The modern exciter gives 
less trouble due to instability than is commonly believed. 
Troubles of this nature occur unexpectedly, and the 
transient conditions are over before any observations 
can be made, but many cases of instability have been 
traced to loose connections, or similar faults in the 
exciter or alternator field circuits. Instability of exciters 
May occur in two ways; first, that in which the 
exciter voltage tends to creep at low voltages, and 
secondly, that in which the exciter field current may 
reverse owing to a surge or careless manipulation of the 
field rheostat. In the latter case the exciter voltage 
falls and tends to reverse, but does not usually build 
up in the reverse direction. Instability of the first 
type may be avoided by suitably designing the exciter. 
Saturation gaps, stabilizing coils and similar devices 
have been proposed and used, but can only be regarded 
as palliatives. The idea of separately exciting the 
exciter from another exciter which is saturated is sound, 
but has the disadvantage of introducing additional 
circuits, thus adding to the links in the chain with a 
consequent decrease of the overall reliability of the 
set. Instability of the second type is overcome by 
fitting a light compounding winding on the exciter 
main poles in series with the exciter armature circult. 
This winding assists in maintaining the exciter voltage 
if variations of the armature current occur, and prevents 
reversal of the exciter voltage even if the exciter field 
current reverses during transient conditions. The 
importance of the automatic voltage regulator in 
obtaining greater stability is rightly emphasized. I 
notice, however, that in two recent patent specifica- 
tions (Nos. 252010 and 256949 of the British Thomson- 
Houston Co., Ltd.) reference is made to instability of 
power systems, and both state that the existing types 
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of automatic voltage regulators are too sluggish. In 
the former it is proposed to use an additional series- 
wound exciter, having a laminated field system, in 
series with the normal exciter, and in the latter a 
special exciter in conjunction with a thermionic valve 
is proposed. This appears to be at variance with the 
conclusions arrived at in the paper. 

Mr. L. C. Grant: The stability of exciters on 
alternating-curreht generators is a somewhat illusive 
question. Designers from time to time come across 
cases of instability which are rectified in new designs, 
only to be followed by equally disconcerting experi- 
ences. There is no doubt that separately exciting the 
exciter field introduces a considerable degree of stability 
to a generating unit, but it does not fit in with unity 
of arrangement unless a separate generator is used for 
supplying the exciter field. It is very difficult to 
identify the causes of transient instability—they seem 
to be legion—but it seems to be clear that it most 
frequently happens when the exciter field is being 
maintained on the steep part of the excitation curve. 
This, of course, is almost unavoidable except by the 
use of cumbersome and expensive expedients such as 
series resistance, but it seems to me that much trouble 
would be avoided if more care were exercised in 
designing the control gear. The author, I think, gets 
to the root of the matter when he suggests the Tirrill 
regulator with its small increment, but for possibly 
not quite the same reason. I mean that an unsuitably 
designed field rheostat operating under normal condi- 
tions is likely to introduce transient effects which may 
grow into complete instability. The remedy for this 
is obvious. ln spite of all that is being done, how- 
ever, I think that excitation systems are not suffi- 
ciently stable at present and that some auxiliary 
means should be employed to stiffen up the excita- 
tion circuit. The machine should be able to pick 
up half load or full load instantaneously without 
causing any instability, yet there are many machines 
operating to-day wherein such a load effect would 
produce an a.c. transient on the field circuit, the R.M.S. 
value of which is at least equal to, if not greater than, the 
d.c. component. The superimposition of such a current 
on a semi-saturated field system is not a desirable 
state of affairs. The use of so-called damper windings 
may help to some extent but perhaps not to the extent 
` that is sometimes imagined, as currents induced in a 
damper system are duly transferred again to the windings 
unless some properly designed means for dissipating 
them is employed. A damping winding is further- 
more a disadvantage under certain fault conditions. 
It is suggested that a high resistance in series with 
a field circuit is a good way of reducing the time-con- 
stant or correspondingly producing a quickly responsive 
generator. It should not be overlooked, however, that 
this resistance has an optimum value and usually this 
value is not placed in the category of “ high." The 
proper value must be carefully proportioned in order 
to get a beneficial effect. A considerable portion of 
the paper is based on the effect of reactance in relation 
to the stability of power transmission systems and it is 
recommended, for instance, on page 658, that reactance, 
or more accurately, inductance, should be used in the 
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usual way to limit the short-circuit current. On this 
broad question I feel I must criticize the author’s 
views, which are the views, I think, of the majority of 
engineers nowadays, for I think that there has been 
far too much of the indiscriminate use of inductance 
for the limitation of current without taking into account 
the possible effect in other, and perhaps somewhat 
unexpected, directions. Inductance is, in my opinion, 
one of the greatest evils which has ever been introduced 
into alternating-current systems, and to-day there 
seems no diminution in the amount of inductance being 
introduced. In the early days when turbo-generators 
were first put into use, the inductance of the windings 
was probably the main inductance of the system and 
in those days alternator inductances were relatively 
low. Owing to the inability of such machines to with- 
stand short-circuiting, or, perhaps, to cut down the 
short-circuit power to allow the switches to do their 
work, inductance values were increased—surely a poor 
way, and certainly a secondary way, of tackling the 
problem, and, as I think we shall find it, a wrong one. 
The first-hand method is to design a secure bracing 
for the alternator winding—not an insurmountable 
problem. I can demonstrate this to some extent by 
tests I have carried out on a fairly old machine with a 
reconstructed winding wherein the inductance remains 
at the old value of approximately 10 per cent, but 
with the winding braced in a more efficient manner than 
formerly. This machine has repeatedly withstood 
short-circuiting, which, I think, demonstrates that 
comparatively low-inductance machines can be built 
to withstand dead short-circuiting. In addition to 
increasing the generator inductance, modern systems 
are becoming more and more clogged with inductance 
in the shape of transmission transformers and current- 
limiting reactors, the net result of which is that we 
find systems being designed wherein the short-circuit 
current in a given section is about three times that of 
the full-load current. As the result of pinning our 
hopes to inductance in this way, can it be said that 
modern high-voltage systems are anything like immune 
from trouble ? I think it is, at the least, debatable. 
Consider for a moment the alternative, i.e. a system 
embodying low inductance values such as I have 
indicated. Amongst the vulnerable points are (1) the 
machines, (2) the busbars and similar main conductors, 
and (3) switchgear and apparatus connected to the 
main system. In the circuit of (1) the short-circuit 
current cannot exceed that of one machine. The 
busbars and switchgear, on the other hand, may be 
subject to the total short-circuit current of the whole 
system. Assuming a 100000-kVA station at 11000 
volts busbar pressure, the full-load current will be 
approximately 5000 amperes per phase, while the short- 
circuit current will possibly be 50000 amperes per 
phase. The forces on busbars and similar structures 
with the usual spacing would not exceed 150 lb. per 
foot run. Modern pedestal insulators could easily 
deal with such forces, so that there is no limit here. 
As series reactors would be absent there would be 
none of the excessive forces usually associated with 
electromagnetic apparatus, which have contributed 
in no small part to our breakdowns. This leaves very 
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little apparatus affected other than the switchgear, and 
it cannot be shown that the modern oil switch has 
stood up to present-day requirements in conjunction 
with reactors any better than without them. If the 
heroic policy of reducing inductance is not entirely 
acceptable, I suggest that the heavy-current problem 
might be tackled in some other way. If the use of 
inductance introduces the disadvantages just indicated 
with the additional one of the extra cost of equipment 
rated on a kVA basis, which would, of course, be more 
costly at the lower power factor, then consider a similar 
system laid out with resistors in the place of inductance 
coils. The current-limiting effect would be obtained 
on short-circuit, while there would not be the drawback 
of reduced power factor on short-circuit and the 
associated disadvantages of reactor systems. There 
would, however, be the load current losses, which are, 
of course, intolerable, but imagine the resistors normally 
short-circuited by switches which, on short-circuit, 
automatically operate and insert the resistors into the 
limiting position. All that is wanted is a sufficiently 
rapid circuit breaker. It has been shown that this 
. can be done with direct current with powers of the 
order of 100000 kW (short circuit). It has also been 
done with fuses and experimental circuit breakers (see 
Journal I.E.E., 1926, vol. 64, p. 920 et seq.). I have 
imitated the performance of the d.c. high-speed circuit 
breaker on alternating current at 6 600 volts and have 
now sufficient data to convince me that there is nothing 
very difficult about producing an a.c. high-speed circuit 
breaker. This would suggest that, with the addition 
of a current-limiting apparatus other than reactors, 
material benefit would be obtained. 

Mr. J. A. Harle: From the paper I note that the 
long-distance high-voltage transmission problems have 
changed when large powers have to be transmitted, 
compared with when small powers are considered. 
In the cases where relatively small powers have to be 
transmitted, synchronous condensers have to be applied 
to supply the capacitance current, but in this case they 
have to be applied to overcome the reactance drops 
and increase the stability of the system. In the 
author's case of 50 000 kVA at 132 kV for 75 miles, 
the capacity current will be about 30 to 40 amperes 
as against about 200 amperes load current, which in 
effect is negligible and compensates for the magnetizing 
components of the transformers. On page 658 the 
author mentions the limit of fault current in any part 
of a large system as 500000 kVA, but I think that 
this value will have to be nearer 1000000 kVA 
adjacent to the station for systems of any magnitude 
if difficulties due to regulation on different sections of 
the very large power schemes are not to be met with. 
I agree with him that sectionalization becomes essential 
if the reactance of the system is not to become too 
high, and I think that from a regulation point of view 
it is a very satisfactory policy; it very often has to 
be adopted where high reactance values are used to 
keep down the short-circuit kVA so that only very 
small circuit breakers need be used. What, in the 
author’s opinion, will be the natural frequency of such 
a scheme, and does he anticipate complications in 
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operation due to resonance phenomena at any multiple 
of the supply frequency ? I should think that this 
would have to be kept in mind in laying out protective 
schemes. I should also like to ask the author, regarding 
the switching of such lines, whether it has been found 
necessary in practice to use charging resistances. As 
far as one can see, the American policy is not to use 
them, whereas the Continental policy is to use them. 
I should think the long-distance transmission problems 
can be eased by the use of automatic regulating equip- 
ment fitted to both generators and synchronous con- 
densers, and I should say that they will be imperative 
in most cases if the supply voltage regulation of the 
receiving end is not to be too fluctuating for satisfactory 
service. 

Mr. C. Turnbull: To one who is in touch with the 
commercial side of our great engineering firms it is 
disconcerting to find that certain difficulties in design 
still remain, for the commercial departments generally 
give one the impression that their firms have entirely 
overcome all such difficulties. We are the more 
indebted to designers who bring forward papers in 
which these matters are discussed frankly, as by this 
means it is possible for both designers and users to 
co-operate. The designing of an exciter on which all 
control can be effected by a regulating resistance in 
the exciter field presents a problem of much difficulty 
as the range of pressure is very excessive between 
overload conditions with high voltage on the generator, 
and no load with the generator at low voltage. Cases 
have been known where the exciter has reversed under 
low-load conditions, with unpleasant results. Some- 
thing could be done by effecting part of the regulation 
by means of a resistance in the main generator feld, 
but when one considers that the loss of only 10 kW 
continuously for a year amounts to more than 80 000 
units, one feels that this method is undesirable. Instead 
of exciting the exciter field entirely from a battery it 
may be possible to excite it partially bv a few turns 
on the field, receiving current from a battery. This 
would reduce the capacity of the battery to a small 
amount, and also ensure that the exciter does not 
become unstable. 

Mr. W. T. Maccall (communicated) : In connection 
with the installation of synchronous condensers at the 
end of a long line, it may be of interest to point out 
that a modification of G. Kapp's method * permits of 
a simple determination of the amount of such capacity 
to give the least total cost. If the cost of the synchro- 
nous condenser per kVA is assumed to be the same as 
that of the generators, and the cost of the line per 
kVA is b times this value, then sufficient capacity 
should be installed to raise the power factor to such a 
value that sin d = 1/(1 + b), ie. the power factor 
itself should be raised to 4/[b(2 + b))/(1 + b). The 
above assumption as to cost of synchronous condenser, 
as pointed out in the paper, is not correct and leads 
to too high a value for synchronous capacity. But 
this value in general increases the total cost only slightly 
and gives better regulation. Moreover, the calculated 
value may, if desired, be used as a first approximation, 
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and a more exact value can then be readily determined 
using actual prices. If the transmission includes 
step-up transformers at the generating end and step- 
down transformers at the receiving end, the same 


SouTH MIDLAND CENTRE, AT 


Dr. M. Kahn: The problems discussed in this paper 
have been very prominent recently in American litera- 
ture. This is presumably due to the fact that on the large 
power distribution system in the United States troubles 
have been experienced due to instabilitv, so that the 
question is there more acute than in this countrv. 
The reasons for this are pointed out in the paper. On 
the other hand, if we consider that a fourfold increase 
of the existing distribution system is anticipated within 
the next 15 years, it is certainly timely to draw atten- 
tion to the various factors which have to be taken in 
account in connection, with this question. For this 
purpose it is not only sufficient but preferable to deal 
with the various points on general lines as the author 
has done. This will enable engincers to understand 
the problems involved and thus avoid possible troubles 
in the large extensions and interconnections of systems 
which are now under consideration. One of the main 
points to be watched is the power factor of the load, 
and it is rather interesting that this question, which 
has up to now mainly been connected with the current- 
carrying capacity of the distribution system and the 
exciting capacity of the generators, should also be an 
important factor concerning the stability of the whole 
power system. A load with a power factor of unity, 
consisting of lamps, heaters and similar devices where 
the current taken is directly proportional to the voltage, 
is in itself stable, as any fall in voltage means a corre- 
sponding fallin power. The least favourable loads are 
induction motors with low power factor, and the instal- 
lation of such machines with some form of compensation 
so as to raise their power factor to unity should be 
considered on new installations and in connection with 
the wholesale replacement of motors, which will now 
be necessary wherever the frequency of the supply is 
changed under the new Electricity Supply Act. Wherever 
the power factor is corrected by synchronous condensers 
at the receiving end these should be fitted with auto- 
matic voltage regulators—what the author terms 
electric governors—so that we have at the receiving 
end a replica of the similarly controlled generators at 
the supply end. With regard to the transmission 
system, the use of cables is preferable from the point 
of view of stability. As this is in any case desirable in 
most urban areas, and as the voltage for which cables 
can safely be produced is steadily rising, the advantage 
of increased stability should be taken in consideration 
as a further inducement to adopt cable transmission. 
At the supply end stability can be increased by using 
generators with saturated magnetic circuits. On such 
machines an increase in current causes less drop in 
voltage than on non-saturated alternators, as with 
the drop in voltage the ampere-turns required for the 
flux in the iron part fall rapidly and thus free a corre- 
sponding amount of available excitation to counter- 


formula may be used by including the cost of both sets 
of transformers in finding the value of b. 


[The author's reply to this discussion will be found 
on page 672.) 
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balance the increase of armature reaction due to the 
rise in current. I am rather at variance with the 
author in his statement that the winding reactance 
of turbo-alternators is lower than that of salient-pole 
machines, at least so far as machines for large power 
supplies are concerned. On such generators the stator 
windings should be set well away from the air-gap in 
the core part, and the end connections should be bent 
back so as to give a low-reluctance path for the leakage 
flux. In this way the percentage reactance can easily 
be made as large as on salient-pole machines. The 
fact that such alternators have two limits of stability, 
as mentioned on page 654, is of great importance as it 
gives the automatic voltage regulators time to act. 
Improvements in this apparatus to make it still quicker 
in influencing the excitation would do much to ensure 
stability of the supply. The system of compounding 
the exciter by the current of the alternator, developed 
by Sir Charles Parsons and Mr. A. H. Law (Patent 
13712/1907), has the advantage that its action is 
quicker that that of any regulator with moving parts. 
An essential factor from the point of view of stability 
of alternators is the provision of an efficient damping 
device in the rotor. 

Major A. M. Taylor: I am not in agreement with 
the remarks made by a previous speaker in the dis- 
cussion. I believe that the fact that some of our large 
industrial centres are situated close to coalfields will 
not, of itself, prevent the utility of the Government 
“gridiron” scheme being demonstrated. I believe 
that it cannot be denied that there will be found to be 
quite considerable differences between the cost of 
generating power on a large scale at some of our large 
manufacturing centres—differences due to local con- 
ditions as weld as failure in some cases to give the most 
efficient lay-out (all things being considered). Under 
these circumstances it will pay to transmit power from 
one centre to another, but it will not pay to do so 
unless the voltage of transmission is raised to the very 
highest limits. It is owing to their failure to appre- 
ciate this point that some engineers have said that it 
is impracticable to transmit power (by overhead lines) 
economically between centres that are further apart 
than 20-30 miles. I have shown on a previous 
occasion* the fallacy of this conclusion, but I am rather 
disturbed to hear that the Government do not propose 
to raise the voltage of their '' gridiron’’ above 130 000 
volts. In the somewhat similar case#of Germany, 
they began with 110000 volts, and they are now 
adopting 220 000 volts, and where they are at present 
making arrangements for 220 000 volts they are at the 
same time installing a conductor of such a design 
that they can work at 380 000 volts if found desirable, 
without being troubled by corona effects. The higher 


* Journal I.E.E., 1926, vol. 64, p. 911. 
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the voltage employed, the greater will be the distance 
to which we can transmit power for a total capital 
outlay per kW, and the.smaller will be the difference 
in the price of power at the two ends of the line which 
is necessary to warrant such transmission commercially. 
Coming now to the paper itself, I should like to point 
out the great advantages of the circle diagram. Not 
only does it give a rapid mental vision of what happens 
when variations in load pass through the transmission 
line, but it actually represents the phases of the trans- 
mitting and receiving e.m.f.’s and the way in which 
these phases swing apart when sudden increments of 
load occur. In addition it also gives a rapid indication 
of the efficiency of the line as a whole. Further, it 
takes account of varying power factor of the load, all 
on the same diagram, and lastly, what is of very much 
more importance where synchronous condensers are 
concerned, it shows what amount of leading kVA is 
required on a line having a given reactance and 
capacitance, and thus gives an immediate indication of 
the size of the synchronous condensers required. The 
circle diagram, as developed in America by Evans and 
Sells, Evans and Bergvall, and Evans and Wagner, 
is based on eminently sound principles in that it takes 
correct account of the receiving-end conditions of a 
line having a uniformly distributed inductance and 
capacitance. The author's diagrams are valuable as 
giving a first education to engineers just commencing 
a study of the question of line stability, but they 
neglect distributed capacitance and inductance, and 
if they are applied to underground systems they will 
give a totally wrong result. A study of the conditions 
obtaining on a really long line would, I think, show the 
impossibility of satisfactorily controlling the voltage 
at the end of a long line by means of generator excitation, 
as proposed by the author. I cannot see how the 
compensation of the '' twist" in the phase of the voltage 
transmitted over a long line, by means of the drawing 
of a leading current through that line, can be performed 
from the generator end (by the mere addition of voltage), 
for which the synchronous condenser is essential. The 
amount of '' twist '' in the phase of the receiving voltage 
can be nearly 90?, as shown by the circle diagram which 
I shall now exhibit, and if there is a sudden demand 
thrown upon the receiver end of the line, or a sudden 
release of power from that end of the line, it follows 
that there is an instantaneous tendency for the '' twist "' 
to be either magnified or diminished, and the difficulty is 
that the synchronous apparatus at the substation end 
cannot follow the rapidity with which this twist occurs 
and, in failing to do so, gets thrown out of step. The 
investigation of the conditions necessary to compensate 
for the tendency to this falling out of step of the syn- 
chronous apparatus at the end of the line is the real 
crux of the question. There is no doubt that, with 
automatic regulators at both ends of the line, tending 
to keep the voltage constant, a large amount of the 
tendency to instability could be compensated for by 
exceedingly rapid adjustment of the fields of the rotat- 
ing machinery, and, as I mentioned above, the twist 
in the line itself could be largely rectified by a rapid 
yielding up, or absorption of, kVA at the receiving end 
of the line by the synchronous condenser, this having 


the effect of compensating for the twist in phase of the 
line itself. On a particular test in the United States 
a 6 000-kVAÀ generator was run at 0-95 power factor, 
and 4 040 kW was suddenly thrown off. In 0-04 second 
the phase displacement of the e.m.f. with reference 
to the field pole centres was changed from 26? to 22? 
(i.e. a change of 4°), and in another 0:16 second a 
further change of 1-5? occurred. The total change after 
l second was 10°. While the first change might be 
too rapid for a Tirrill regulator to respond to, no doubt 
the later changes could be taken care of. However, 
it will be seen from the above that the sudden dis- 
placement only amounts to about 4? for two-thirds 
load suddenly taken off. In relation to the very large 
displacement on the line itself this is quite trifling and 
would no doubt not be sufficient of itself to throw the 
synchronous machinery off the bars, unless there was 
a large line displacement, which, as already stated, 
could be taken care of by causing the synchronous 
condenser suddenly to draw a largely increased leading 
current from the line. It must not be supposed from 
the above that difficulties will only occur with very 
long lines having very large reactances; they will 
occur with much shorter lines, provided that the amounts 
of power being transmitted are very large. A serious 
trouble of this sort occurred in Chicago some six years 
ago, and similar troubles have occurred in this country 
where large generating stations running in parallel have 
been thrown out of synchronism by oscillations on the 
system, owing to a fault taking place at some remote 
part of the system. All these questions are being 
very carefully thrashed out in the United States at the 
present time, and I would suggest that a great deal 
could be learned from the paper recently read before the 
American Institute of Electrical Engineers by Messrs. 
Evans and Wagner.* 

Mr. J. N. Waite: The subject of the paper is one 
of interest to electricity supply engineers for, as the 
author remarks, ' the smaller power systems in this 
country are being grouped together to form larger 
systems, and the larger ones are growing and are being 
interlinked," and therefore the present is a fitting time 
to investigate the principles of stability of power supply 
systems and the means of obtaining the same. Much 
attention has lately been paid to what has been done 
abroad in transmission and distribution, and it has 
been frequently stated that the progress in this 
country is considerably behind that in other countries. 
When engineers voice these views it is scarcely to be 
wondered at that the general public and the lay Press 
also talk about our lack of progress. It does not 
necessarily follow that the methods successfully adopted 
in one country would be equally a success if adopted 
here. Different conditions require different methods. 
This country is unique in one respect as regards power 
supply, in that practically all its large industrial centres 
are situated on, or closely adjacent to, a coalfield. 
Thus the main load centres have their potential power 


on the door-step, as it were, and this fact will to a- 


very large extent obviate the necessity for long-distance 

transmission of large amounts of power. The load of 

each of the main industrial centres will be large enough 
* Journal of the American I.E.E., 1926, vol. 43, p. 374. 
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to render these centres self-sustaining, and it would 
appear very probable that interchange of power between 
such centres will not be an economic proposition. It 
seems advisable to point this out, for this dominating 
fact usually escapes notice when the future of electricity 
supply is under discussion. The author reaches the 
conclusion that the normal power system possesses, or 
should possess if rightly designed, sufficient inherent 
stability to carry out its functions under normal 
operating conditions, but points out that there are 
certain factors which must be observed if stability is to 
be retained. While the paper serves a useful purpose 
in outlining the conditions to be observed to achieve 
and maintain stability under normal conditions, I am 
of the opinion that it would have been still more valu- 
able if it had dealt more fully with stability under 
fault conditions. This, of course, would have con- 
siderably widened the scope of the paper and brought 
in other matters such as protection systems. If the 
changes contemplated under the 1926 Act take concrete 
shape, it is very possible that our ideas regarding 
protection of apparatus and lines will be found to be in 
need of revision to ensure greater stability and to 
minimize the effects of faults. This has already proved 
to be the case on the Continent, where the new “ field 
suppression " system of protection is proving useful in 
clearing faults and maintaining supply. The author 
usefully points out that tie lines between power 
stations require to have sufficient capacity to transmit 
the necessary power to hold the two stations in 
synchronism. He states that a small tie line might 
hold the stations in synchronism during steady load 
conditions, but would fall out if a bad load fluctuation 
occurred. Experience on the North-East Coast has 
shown that a small tie line will not hold stations in 
synchronism even with relatively steady loads. This 
is probably due to slight differences in the characteristics 
of turbine governors. I have seen stations swing out 
of parallel when the ties were reduced, although the 
loads on the two stations were relatively steady. The 
suggestions in the paper regarding tie lines have been 
in use for many years on the North-East Coast, where 
all the stations normally run in parallel. Sectionalizing 
points are provided where separation occurs under 
fault conditions, leaving each station with the load it 
can carry. Where stations are relatively close together, 
direct ties are avoided, the necessary ties being provided 
by roundabout routes which contain step-up and step- 
down transformers, thus providing a sufficiently strong 
tie, while the fault current is reduced to that permis- 
sible. There is one point in connection with stability 
of power systems which often escapes notice, namely, 
turbine governor performance. It may be of interest to 
visualize the sequence of events under fault conditions 
as far as governors are concerned. When a severe 
fault occurs the speed of the system will start to fall, 


and the governors will attempt to remedy this by 
admitting more steam. If the fault is sustained the 
reaction of the generators will cut off a large proportion 
of the load in a very short period of time; the speed 
will then start to rise and the governor will have to 
reverse its operation and cut down steam admission. 
With the fall of load the boiler steam pressure will 
rise to blowing-off pressure and the governor will be 
called upon to restrict still further the flow of steam. 
In addition to the rise of boiler pressure a further rise in 
pressure will occur at the turbine owing to the decreased 
friction drop between the boilers and turbine, due to the 
decreased flow of steam. (I have known of a rise of 
50 lb. due to these two causes.) The load on the 
system at the time of the fault will have a bearing on 
governor performance. When the load is relatively 
large the stored kinetic energy of the rotating plant 
will be a powerful “ buffer" and help to smooth out 
changes of speed, so giving the governors more time in 
which to operate. At times of light load, when the 
amount of rotating plant is relatively small, this 
“ buffer " effect will be reduced. It will be seen that 
during fault conditions a turbine governor is faced with 
very difficult service. Unless a reasonable margin 
between operating speed and emergency high speed is 
provided, and the governors can operate within this 
margin, there is a danger of the speed rising sufficiently 
high to operate the emergency governor, which will 
shut down the turbine. This danger is specially pre- 
valent at times of light load, as is proved by the fact 
of a large system being completely shut down owing to 
the operation of emergency governors under fault condi- 
tions. To obviate this danger it is essential that there 
shall be a sufficient margin between the normal operating 
speed and the emergency trip speed. On modern 
turbines this margin is usually 12] per cent of the 
running speed. A modern turbine service governor 
will, when in good condition, limit to about 6 per 
cent the rise of speed when full load is instantaneously 
thrown off, so that a reasonable margin of safety exists 
when the service governor is functioning properly. 
Owing to wear and tear, governor performance will 
deteriorate and operating staffs should satisfy them- 
selves that the performance is not allowed to deteriorate 
to the point of unduly reducing the margin of safety. 
It may be taken that when a turbo-alternator cannot 
be synchronized on the governor, and has to be con- 
trolled on the stop valve, the turbine is not safe to 
run from a system safety point of view and should 
be taken out of commission for service governor ad- 
justment and repair. Periodic tests of governor per- 
formance should be a part of routine operation, the 
tests consisting of throwing off load and noting the rise 
in speed. 

[The author's reply to this discussion will be found 
on page 672.] 
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Mr. G. A. Juhlin : The possible instability of the 
line, coupled with high cost, are the points used by 
advocates for direct-current transmission with constant 


Vor. 65, 


current. The suggestion made by the author to generate 
and transmit at low frequency would probably be found 
very costly and inefficient. The use of synchronous 
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condensers at points along a transmission line will, of 
course, ensure satisfactory line regulation. Dealing 
with the stability of the generator itself, it is of interest 
to note the influence of the rotor temperature-rise on 
this question. Assuming two machines of the same 
speed and output, one designed for 80 deg. C. and the 
other for 60 deg. C. temperature-rise of the rotor windings, 
the machine with the higher temperature-rise could be 
designed with greater stability than the other machine, 
assuming the stators to be the same. The author states 
that the short-circuit currents in modern machines do 
not usually exceed 6 to 7 times normal. It would seem 
necessary to state whether this refers to 1 500-r.p.m. or 
3 000-r.p.m. machines. A reactance of 15 per cent 
cannot readily be obtained from 3 000-r.p.m. machines. 
It would not seem desirable to strive for exceptionally 
high values of reactance as there are no difficulties in 
constructing the windings to withstand short-circuit 
stresses with much lower reactance than 15 per cent. 
I agree with the author's recommendation that every 
set should be provided with two governors. The ques- 
tion of voltage regulation ought to be given careful 


consideration, for it is obvious that as our transmission 


systems grow in size its importance will be greater. At 
the same time it should be made clear that there are very 
few cases where trouble has been experienced due to 
lack of stability of generators. It is interesting to note 
that the author suggests that exciters should be separately 
excited, and I am in accord with this suggestion as 
greater all-round stability is obtained. In order that 
full advantage of this arrangement should be obtained, 
the source of the separate excitation should be as con- 
stant as possible, and as in all large stations batteries 
are available I would suggest that the exciters should 
be excited from the battery. The suggestion that a 
laminated rotor should be used in order that the machine 
would respond rapidly to increased excitation is of 
interest. Past experience with laminated rotors would 
not, however, lead one to go back to this type even if 
it were possible from a mechanical point of view. The 
explanation put forward by the author of the high 
torque which occurs during short-circuits is interesting. 
It is difficult, however, to reconcile a storing of magnetic 
energy if, as the author states, the rotor flux remains 
approximately constant. I am of the opinion that the 
losses due to the large currents flowing in the rotors 
account for a considerable portion of the torque. I do 
not think that the load losses on a sudden short-circuit 
can be estimated from the load losses obtained on steady 
short-circuit by the square of the ratio of the currents. 
Experience with transmission lines indicates the necessity 
of synchronous condensers for regulation purposes. It 
seems to me that an extended use of the synchronous 
induction motor would reduce the problem of line regula- 
tion very considerably, as the amount of synchronous 
condenser capacity required would be very small and 
could probably in some cases be dispensed with alto- 
gether. 

Mr. O. Howarth : A study of the paper shows that 
the question of stability of large power stations falls 
into two separate parts. First of all we have mechanical 
considerations, ie. the governor characteristics, the 
energy stored in the rotating parts all over the system 


in the generators in the power station and in the machin- 
ery which is being driven. Those characteristics must 
be such that the system would remain stable however 
the energy was transferred from the generator or the 
prime mover to the driven machinery. Then we have 
the electrical characteristics, including the magnetic 
characteristics which have to be so adjusted that they 
do not unduly limit the mechanical characteristics. lf 
the voltage on any system or part of a system is reduced 
to zero no transfer of energy can take place, so that 
maintenance of supply depends on the energy in the 
rotating parts of the driven plant being sufficient to 
maintain rotation reasonably well up to speed until 
the voltage is restored by clearing the fault. If the 
voltage is down to zero for too long a time induction 
motors are likely to trip out when the voltage is re- 
stored; if their speed has dropped very much when the 
voltage is restored they trip out on overload. Synchro- 
nous plant will not come back into step if the voltage 
is at zero too long. It is important to know how long 
the voltage may remain at zero on a system and come 
back to full voltage without dropping any load. It 
appears that 1 second is the maximum time one can 
allow the voltage to be at zero and then rise again without 
dropping load. The paper emphasizes rather more the 
electrical characteristics of the generators and the 
transmission lines and the stability limits with ordinary 
running, but supply engineers are perhaps rather more 
concerned about the stability under fault conditions 
and the ability of a system to recover after a fault has 
been cleared. If we are only allowed something under 
] second in which to clear a fault and restore the voltage 
it almost cuts out time-lag discrimination. The speed 
of operation of switches is also vital and the figure 
given in the paper is 0-3 second. The author takes 
that as the maximum figure, but I should like his views 
on the speed at which the modern breakers actuated by 
instantaneous relays clear a fault; that is, the time 
between the inception of the fault and its clearing 
by the switch. It appears from experience that the 
stability of 33 000-kVA systems can only be maintained 
by clearing the faulty sections absolutely instantaneously. 
Stability, therefore, is dependent upon the protective 
gear. Having got one's mechanical and electrical 
characteristics stable one must also have suitable 
protective gear, otherwise the advantage gained by the 
careful design of the rest of the system will disappear. 
In the design of a suitable protective system for à 
particular undertaking, one of the difficulties arises from 
the difference in the amount of plant running on the 
system at full-load periods and light-load periods. 
High settings which may be quite satisfactory when 
there is much plant on the system may be totally unsuit- 
able at light load when there is only one machine in 
circuit. The earth resistance of a 33 000-volt svstem 
may be of such a high kilowatt rating that one machine 
only running is liable to stall owing to the high power 
taken by the earthing resistance. It seems to me that 
we are rapidly approaching the time when the star 
points of 33 000-volt systems must be earthed solid. 
On page 659 the author mentions oscillations between 
two synchronous machines, the generator and synchro- 
nous motor or condenser, or another generator situated 
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at the other end of the transmission line. It is useful 
to obtain information as to what characteristics the 
interconnecting line must have to prevent undue 
oscillation. Mr. Romero dealt with this in a paper 
some time ago. It has also been dealt with in America, 
The simple formula P = E,E,X/(1 000 Z?), where 
E, and E, = line voltages at the two ends of a three- 
phase line, X — reactance in ohms, and Z — impedance 
in ohms, gives the plant capacity at the smaller end 
that will be held in step satisfactorily. In this district 
we have one line where that limit is approached fairly 
closely, and no evidence of undue oscillation between 
the stations has appeared with severe faults on one or 
other of the two systems. The stations have remained 
in step quite satisfactorily ; there has been no evidence 
of hunting. On page 658 the author mentions cases 
where the energy has to be transmitted in both directions, 
and suggests a tap-changing transformer where tap- 
changing can be done under load. I should like to 
suggest that the induction regulator is a very suitable 
piece of apparatus for this work. Several are installed 
in this district and are giving good service. For giving 
contro] such as the author mentions they are quite 
satisfactory. 

Mr. J. D. Peattie: The author rather stresses the 
importance of stability under steady conditions, but it 
is also very important under transient conditions. We 
wish to know not only to what extent the load can be 
steadily increased, but also what will happen to a system 
after some transient effect has disturbed the equilibrium. 
Such conditions may arise when the load is light and 
there is very little damping on the system, with the 
result that oscillations are set up and machines fall out 
of step. In connection with Fig. 1, the author refers 
to the effect on an induction-motor load when the 
system gets beyond the point “ B" on the curve. It 
is of interest to notice the effect on rotary convertors 
under such conditions. A recent series of tests * showed 
that, on the falling part of the characteristic, the drop 
in load causes a rise in speed of the prime mover, with 
a corresponding rise in frequency. Owing to the 
lowered voltage, it is not possible to transfer energy 
quickly enough to raise the speed of the convertors, and 
they fall out of step. So long as the system remains 
on the rising portion of the characteristic, the rotary 
convertors may take heavy currents, but they remain 
in step. On page 657 the author makes a comparison 
between a purely induction-motor load and, among 
others, a rotary-convertor load. I should like to know 
whether he considers that a system supplying 50 000 kW 
of d.c. motors through rotary convertors is inherently 
more stable than a similar system supplying 50 000 kW 
of induction motors through static transformers. I 
find some difficulty in following the author’s reasoning 
on page 657, where he states that ''as the rotor flux 
remains approximately constant the stored magnetic 
energy in the rotor is very considerably increased." It 
would seem that, if the flux remains constant, the energy 
stored in the field also remains constant since it depends 
on the flux density and volume of the field. I would 
suggest that when the fault occurs, the full e.m.f. of the 
alternator is available to pour energy into the cable 

* Elektrotechnische Zeitschrift, 1927, vol. 48, p. 129. 


and alternator leakage fields. There is, therefore, a 
sudden drain of energy from the main field, which has 
the effect of pulling this up. The rotor tends to move 
forward through the main field, so that immediately 
large direct currents flow in the damping and exciting 
windings, and a heavy torque is exerted on the rotor 
itself, tending to stop its motion. The question of 
stability is closely bound up with that of protection. 
So long as the system is in a condition of stable equilib- 
rium, every effort should be made to keep it intact 
and maintain the supply to each part. If, however, 
the limits of stability are passed, there is no object in 
prolonging the conditions, and the sooner the necessary 
sections are isolated the better. 

Mr. T. W. Ross: Regarding the stability of large 
power systems, and particularly interlinked systems, 
I notice that several of the speakers in the discussion 
have referred to protective gear and its bearing upon the 
subject. Anyone who has had experience of protective 
gear will realize that the quicker the faulty piece of 
apparatus is removed, the less the stability is likely to 
be affected. The larger our systems get, however, and 
the more they are interlinked, the more complicated 
they become from a protection point of view, and it is 
then not always possible to have instantaneous discrimin- 
ative protection. Engineers on the Continent and in 
America are probably not so far advanced as we are 
in the art of instantaneous discriminative protection 
but depend upon time-limit discrimination which, of 
course, is more likely to cause instability. Mr. Dow, 
of the Detroit Edison Co., recently suggested that it 
would be necessary on large interlinked systems to have 
certain points at which instantaneous excess-current 
trips were installed. In the event of short-circuit the 
system might therefore be split up into sections, the 
generating capacity of each section being sufficient to 
supply its load. When we eventually have our big 
interlinking system in this country, some such arrange- 
ment will have to be resorted to as it would be imprac- 
ticable to use special cables or pilot wires when trans- 
mitting power at 130 kV. Referring to the stability 
of exciters and to automatic voltage regulation, I am 
in agreement with the author in suggesting separate 
excitation for the exciters. This applies particularly 
to exciters for synchronous condensers, which in some 
cases may be operating at comparatively low power 
factors with the current lagging. To get this condition 
it is necessary to have means of getting a very low value 
of excitation, sometimes almost as low as the residual 
voltage of the exciter. In such cases we have used a 
separate auxiliary exciter and a differential field winding 
on the main exciter, with automatic regulation on the 
latter. The longer the transmission lines become, the 
more synchronous condensers wil have to be added 
and the greater the range of regulation required. I agree 
with the author that automatic voltage regulation on 
generators and synchronous condensers is necessary if 
the stability of the system is to be maintained under 
all conditions, and I would particularly mention the 
importance of having very quick-acting regulators for 
this purpose. 

Mr. W. Kidd : The author suggests that the fault 
current should be limited to 500 000 kVA. In large 
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industrial districts, with a concentrated load, it is diffi- 
cult to keep to that limit without either sacrificing that 
desirable feature, interconnection, or introducing an 
excessive amount of reactance. It would be interesting 
to know what factors induced him to adopt the figure 
of 500000 kVA. Do the switchgear makers consider 
that the large circuit breakers now on the market repre- 
sent the limit, or is it a matter of cost ? Switchgear is 
certainly becoming a very expensive item which requires 
careful consideration in order to get a scheme which is 
satisfactory from both the technical and financial points 
of view. The author also suggests that the amount of 
current supplied by the faulty section should be 50 to 
60 per cent of the total. This, of course, means putting 
a high percentage of reactance between any two 
alternators, which will make it inconvenient to transfer 
the desired amount of energy from one section to 
another. Apart from that, I should like to know what 
is the maximum percentage of reactance the author 
suggests can be safely put between two alternators. 
This is a matter which affects the ability of the alter- 
nators to remain in synchronism, and is a point which 
system designers must always consider. 

Mr. A. Bannister: I should like to make a few 
remarks concerning this question from the transmission 
point of view. The question of stability of electrical 
machinery is as old as a.c. work. Recently, however, 
the subject has been raised in the United States in 
connection with transmission problems, owing to the fact 
that large blocks of power have to be transmitted over 
extremely long distances, with the result that the 
unstable limits of the lines have been approached in 
some cases. The circle diagram can be and has been 
applied to the study of the transmission lines and it was 
found by this means that some of the proposed new 
lines were approaching their unstable range. There are, 
as a matter of fact, certain lines which are operating 
quite satisfactorily under steady conditions but are 
very near their stability limit. Instances have been 
cited where in 9 months such a line operating near its 
limit dropped its 300 000-kVA load 15 times owing to 
faults on the system rendering it unstable under transient 
conditions. A large number of factors other than 
stability affect the power limits of a system, but stability 
has recently been fully studied both theoretically, 
analytically and experimentally. Experimental work 
has been carried out on miniature systems employing 
condensers, inductances and resistance to represent the 
usual line features, and it has been found that experi- 
mental results follow the theoretical results very closely. 
Full-scale tests have also been carried out on a 220-kV 
line in California with instruments to record the condi- 
tions experienced on the line. While indicating differ- 


ences they substantiated the analytical work to a very 
great degree both qualitatively and quantitatively. 
In this country, as far as transmission lines are concerned, 
the question has not arisen to any great extent, chiefly 
because we have very localized cable systems. The 
only places where it may arise are on the North-East 
Coast, the Yorkshire Electric Power Co. or the Clyde 
Valley systems which cover large areas with overhead 
transmission lines. Even then it is doubtful because 
those areas are extensively interconnected between 
various substations. A case where it might arise in this 
country is in the proposed high-voltage transmission 
lines carrying the power over the country, but it is 
doubtful even then if the question of stability of the 
lines will have to be considered. This is due to the 
fact that these lines will be practically short lines between 
large stations, comparatively short distances apart, 
and each station could supply its own proportion of 
wattless power. The network therefore becomes a series 
of short lines operating at high voltage, with the equiva- 
lent of synchronous condensers at spaced points to supply 
charging current. In fact the system would be very 
similar to that proposed recently by Mr. F. G. Baum 
in the United States for obtaining extremely long, stable 
lines by dividing them into short sections with synchro- 
nous condensers at the sectionalizing points. Although 
as regards transmission work this question may not 
affect us very much in this country we should not ignore 
it because, as manufacturers, we supply plant to all 
parts of the world. Such plant might have to operate 
under varying conditions and as the stability problem 
of transmission lines affects the design of synchronous 
machinery we, as engineers, should certainly watch 
those points of design which will affect the stability of 
the system as a whole. Finally, I think the stability 
of the system as a whole is a matter for the specialist 
engineer, because the average engineer would, no doubt, 
be lost in attempting to follow the calculations on a 
large interconnected system. The problem almost 
becomes a mathematical one, involving a large number 
of unknown variables with an insufücient number of 
equations to solve them. The conditions on systems 
are varying from day to day. For instance, to-day we 
may have a certain distribution of power stations 
serving a given load and with a certain arrangement of 
network, and to-morrow a more efficient station might 
come into the network, necessitating new transmission 
arrangements to new load centres, and the entire system 
might therefore have to be changed in order to distribute 
the load to the best advantage. All these features only 
serve to make an intricate problem more involved and 
indicate the necessity for specialized investigation on 
the subject. 


THE AUTHOR’S REPLY TO THE DISCUSSIONS AT LONDON, NEWCASTLE, BIRMINGHAM 
AND MANCHESTER. 


Mr. F. H. Clough (in reply) : Several speakers have 
referred to exciters and methods of excitation. The 
arrangement advocated in the paper, of using separate 
excitation for the exciter, has been arrived at after trial 
of other methods, some of which have been referred to 


in the discussion. Mr. H. W. Tavlor describes some 
advantages of this arrangement, and Mr. Juhlin strongly 
supports it, and I am inclined to think, in the present 
state of our knowledge, that it is the best arrangement 
that can be used. An additional series winding on the 
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fields of the exciter is of little use during steady-load 
conditions, and during transient or fault conditions its 
eficacy is very much reduced by transformer action 
between the series and shunt windings. 

The use of low-frequency currents for long-distance 
transmission lines has received some criticism. This 
arrangement is only advocated where power is derived 
from water and the amount of energy to be transmitted 
and the distances are very great. The low-frequency 
alternators driven by water-wheels can in many cases 
be made quite suitable for generating low-frequency 
currents, and for the transmission line the lower fre- 
quency reduces the reactive component of the current 
and therefore makes compensation of the line much 
simpler. In addition, as has already been pointed out, 
if a low-frequency transmission circuit is used the voltage 
of this circuit need not be constant, but can be varied 
with the load ; consequently the maximum use can be 
made of the capacity current to ensure unity power factor 
and minimize the amount of synchronous machinery 
required for compensating the line. The synchronous 
machinery which would be required in a normal-frequency 
line at the receiving end is represented in this case by 
the frequency-converting machinery. It should be 
realized that although, by means of capacity currents 
or synchronous machinery, the voltage and current 
vectors can be maintained in phase throughout the length 
of the line, or, in other words, unity-power-factor trans- 
mission can be used, the actual angle of these vectors 
will vary from one end to the other, so that machinery 
at the receiving end will be considerably out of phase 
from that at the sending end. No experience has yet 
been obtained with such long transmission lines where 
this angle is very great, and we cannot therefore say 
definitely whether machinery will operate satisfactorily 


under these conditions; but I am inclined to believe 
that properly designed synchronous machines with heavy 
damping windings will give satisfactory service, and 
there is also the possibility of using compensated asyn- 
chronous machines at the receiving end. Even if a 
normal-frequency line can be fully compensated and 
wil give satisfactory service, it must still be realized 
that the amount of machinery to produce compensation 
may in some cases be greater than the amount of 
machinery producing true power, and consequently 
there is a possibility that a low-frequency transmission 
may in some cases be a more economical arrange- 
ment. 

Reference was made in the paper to the necessity for 
a quick-response voltage regulator. This is important, 
as the stability of the system depends largely upon the 
stability of the various synchronous machines operating 
on it. It may perhaps be of interest to mention that 
use is being made of the transient current induced in 
the field circuit to operate the regulator even before the 
voltage of the alternator has actually changed, and thus 
get the maximum speed of response. This, in con- 
junction with a separately excited exciter, gives a very 
quick response of the excitation to any changes of load, 
and ensures that the voltage is maintained under even 
the most difficult conditions. 

It has been suggested that the paper would have been 
more useful if it had dealt more fully with stability under 
fault conditions, but I think that within the limits of a 
short paper this aspect has been fairly fully covered, 
from the standpoint of both voltage PARY and 
mechanical or phase-angle stability. 

In conclusion, I should like to thank those who have 
taken part in the discussions for the kindly way in 
which they have received the paper. 
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WHAT IS ELECTRICITY ? 
By Professor W. M. THORNTON, O.B.E., D.Sc., D.Eng., Vice-President. 


[THIRD FARADAY LECTURE, delivered before THE INSTITUTION 17th March, before the MERSEY AND NortH WALES 
(LIVERPOOL) CENTRE 10th January, before the NORTH-EASTERN CENTRE 24th November, 1926, and 17th January, 1927, 
before the NORTH MIDLAND CENTRE 25th January, before the SCOTTISH CENTRE 8th February, before the SOUTH MIDLAND 
CENTRE 9th February, before the WESTERN CENTRE 16th February, before the NORTH-WESTERN CENTRE 22nd February, 


and before the IRISH CENTRE (DUBLIN) lst March, 1927. 


(1) The electrical researches of Michael Faraday, with 
which a hundred years ago he was from time to time 
engaged, are changing the face of civilization. Through 
him we have, in Maxwell, Hertz, Lodge and a brilliant 
chain of followers, radio telegraphy and telephony. In 
ten days of close work he discovered, in 1821, the law 
of the electric motor, and ten vears later, in an equally 
strenuous period, that of the dynamo. He is the father 
of electrical engineering, and though he has other off- 
spring, the benzene family for example, we electrical 
engineers may fairly claim to be the most active of his 
progeny and in founding these Faraday Lectures do 
honour to his name. 

But though electricity is so widely used, and is in 
many of its properties so well known, no one has yet 
told us what it is. To this great question I venture to 
offer a solution which gives at least a close analogy to 
what must be and may provide a basis for further 
mathematical treatment. 

I propose to divide my address into three chief parts :— 


Evidence that the two units of electricity have the 
nature of screws or twists. 

Evidence of how such screws came into being. 

How they combine to form matter and by their 
vibrations give rise to the electrical radiation we 
know as light and heat. 


(2) When we read that '' In the beginning God created 
the heaven and the earth ” we know, within the limits 
of human knowledge, that the first thing made was 
electricity. For recent research has shown that the 
atoms of the universe are nothing more than spinning 
groups of electrical charges, minute planetary systems, 
each with a mass of positive charge as a sun or nucleus 
about which electrons or units of negative charge revolve. 
With slight modifications Newton's great law of gravi- 
tation, that of bodies revolving about a central mass 
with attraction to it varying as the inverse square of 
the distance, holds at once for the farthest stellar systems 
of immense magnitude and for the smallest atoms. And 
as the telescope tells us that the vast interplanetary 
regions are empty of matter, other than cosmic dust, 
so these spaces find their counterpart in the hollow 
interior of the atom, swept clear of intruding electric 
charge by the outer electrons revolving on an average 
500 million million times a second, giving out light, 
under certain conditions, oscillating at the same high 
frequency. Light is an electrical phenomenon, visible 
electrical radaition, requiring an oscillation of electrical 
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charge to produce it, and a receiver, in our case the eye, 
to observe and record it. Since light of a kind identical 
with that we can make here has been received from 
electrical vibrations in stars so far distant that it has 
taken 140 million years, travelling at a speed of 186 000 
miles a second, to reach us, we can surely infer that the 
two kinds of electricity in the most distant parts of 
the known universe are the same as those of which we 
ourselves are made. 

(3) Though the nature of electricity as a dual entity 
is still an open question we know a good deal about it. 
First of all it is a thing, or, as Herschel said of an atom, 
a manufactured article, not in the strict sense material 
but of a kind of sub-matter. The simplest atom of 
matter, that of hydrogen, has in its structure one unit 
of each of the two kinds of electricity, which were first 
called by Benjamin Franklin in 1750 positive and 
negative. These titles are merely names and tell us 
nothing. The charges might better be called small and 
large, heavy and light, right-handed and left-handed 
electricity, for so they differ, though electrically they 
are equal. The fact that unlike kinds attract while 
like kinds repel gave rise to these names as indicating 
opposite properties, but the charges have, in their 
electromagnetic behaviour, directly opposite characters, 
and for this reason only can they be said to be opposite 
in sign. The dimensions and masses of the two units 
and the magnitude of thcir charge are well known, but 
these measurements do not help us to discover the 
nature of electricity except as tests of any hypothesis 
which may be advanced. This must give an explanation 
not of one but of all of the observed differences of 
electromagnetic action, of size and mass. 

(4) Consider first their size and mass. The diameter 
of an electron is nearly 12 billionths of a centimetre; that 
of a proton is, at most, less than half of this. The mass 
of an electron is 1/1850th of that of a hydrogen atom, 


_ the nucleus of which, being a proton, is nearly 1 850 


times heavier than an electron. Most of the mass of 
matter is that of the positive electricity of which it is 
made. Ina mass of iron weighing 1 851 pounds 1 pound 
of it is negative electricity, the rest positive. As to 
charge, there are over a trillion electrons passing through 
the filament of a reading lamp per second. These 
figures convey little meaning as they stand nor is it 
easy to find adequate means of grasping them. In 
order to make the electrons in a drop of water Just 
visible to the naked eye it would be necessary to magnify 
the drop to 100 times the volume of the earth, and it 
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has been said that if we could place all the protons in 
the earth together so that no hollow cavity existed they 
could be packed into a handbag, which would then 
weigh 6 000 trillion tons. 

(5) There are known to be 92 possible elements of 
matter and there may be still denser elements in the 
interior of the large stars. The most wonderful feature 
of these is that each of them contains, normally, equal 
numbers of positive and negative units of electricity. 
This equality is of the highest significance. To account 
for such uniformity of number and location in nature 
between two opposite multitudes we must assume that 
the two kinds were produced by one act. That move- 
ment—and it must have been a movement—which 
formed the protons, at the same times and in the same 
places made the electrons. In this act of creation, 
possibly progressive, we know from the theory of rela- 
tivity that immense work was done and stored. The 
electricity in the universe is an incredibly vast reservoir 
of energy. There is enough in a pound weight of any- 
thing to raise 100 million tons of cold water to boiling 
point, or to give 16000 million horse-power for one 
hour. This statement requires, perhaps, some explana- 
tion. Every engineer knows that kinetic energy is 
proportional to the mass of the moving body and to 
the square of its velocity. The theory of relativity 
proves that the absolute energy of formation of a mass is 
equal to the product of that mass and the square of the 
velocity of light. This velocity is 30000 millioncm a 
second. So that l gramme equals this number squared 
in ergs, that is 35 million h.p.-hours. When electricity 
is combined into atoms a little more work is required. 
Molecules are, by comparison, easy to make and unmake. 
We make them by the million in every breath we take. 

(6) Everyone has his own view of what life is for. It 
has been said that the object of physicists is to express 
all physical phenomena in terms of the laws of mechanics. 
A crucial test of a mechanical theory of electricity is 
whether it can explain how the energy of formation is 
stored ; and the next stage in our argument is to show 
how this mav be. To do work, force must be applied, 
and the medium to which it is applied is the ether or 
primordial medium from which electricity is made. 
This can only be in three ways: by compression, by 
tension or by shear or twist. There are no known 
means by which the ether can be directly compressed 
or expanded, we cannot get hold of it and there is no 
evidence that it has ever been done. But there is very 
strong evidence that it can be twisted, for the most 
fundamental phenomenon in nature, that of electro- 
magnetism, by which light and radiation in general is 
transmitted and by which every movement which we 
make is accompanied, is one of twist. There exists 
around every moving electric charge a circular magnetic 
field which in its mathematical statement exactly 
resembles a fluid spin or vortex. Around the path of 
what we know as a positive charge moving away from 
the observer there is a right-handed circulation or 
magnetic field, around a negative charge a left-hand 
field. Now, an electric current in a conductor is a move- 
ment of charges in the same way that a stream is a 
movement of molecules of water. The charges are forced 
to move by the electric field, for, since like charges repel 


and unlike attract, any positive charge free to move 
would pass away from the positive pole to the negative, 
and free negative charges in the reverse direction. Until 
a few years ago no one knew which of these actions took 
place or what the nature of an electric current in a wire 
might be, but when it was found from the researches 
of Sir J. J. Thomson, who discovered the electron, and 
Sir Ernest Rutherford, who we may say discovered the 
proton, that all the positive electricity in matter is 
bound up in the nuclei of atoms which certainly do not 
stream as a current—for if they did the whole wire 
would move—it followed that an electric current in a 
metal consists only of electrons, free from matter, which 
stream from the negative to the positive poles. In so 
doing they produce a magnetic field left-handed about 
their own line of motion and therefore in the same 
direction as that around a positive charge if moving in 
the opposite direction. It is, however, possible by the 
use of vacuum tubes to produce streams of positively or 
negatively charged particles and to test their magnetic 
fields separately and visibly without the use of a copper 
conductor. When a flying stream of such isolated elec- 
trical charges of purely negative electricity is allowed to 
fall upon a sensitive fluorescent screen, making a 
luminous spot, the stream is seen to be deflected side- 
ways by a magnetic field brought near. The reason 
for this is of the first importance. The circular magnetic 
field of the flying charges bends the applied magnetic 
field, which reacts elastically and causes a resultant 
force driving the charge sideways across it. The fact 
that the spot moves sideways across the field is a com- 
plete proof that there is a magnetic vortex around the 
line of motion of the flying charge. The experiment is 
the key to the structure of the charges, and the evidence 
is conclusive that rotational states exist in the ether. 
In the absence of evidence of any other kind of stress— 
even perhaps of gravitation—apart from torsion we can 
infer that the energy in the electrical charges which 
make up matter is stored in the form of permanent 
elements of twist of the ether, the nature of which we 
have now to determine. 

(7) We have seen that positive and negative charges 
moving in the same direction produce opposite magnetic 
fields. No physical explanation has ever been given of 
this fact, but it is clear that it must contain a clue, 
possibly the only clue, to the ultimate nature of elec- 
tricity. The absolute cause of it may lie hidden in 
phenomena as yet undiscovered, but there is to hand in 
the mechanics of ordinary matter a relation so exactly 
resembling the electrical case that one is driven to the 
conclusion that it gives the only adequate explanation 
in the light of our present knowledge. 

The specification of electromagnetism is that we have 
to find a mechanical scheme in which movement in a 
straight line causes rotary movement or strain around 
it. There is one mechanical device that can do this and 
that is a screw, which, when turned, advances, or when 
forced to advance rotates. The rotation and linear 
movement are inseparable—the act is one. We are 
irresistibly urged to the view that the two kinds of 
electricity which produce respectively right- and left- 
hand motion have the nature of screws, such as pro- 
pellers of opposite pitch This is the first suggestion as 
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to the shape that the electricities must have, and so far 
as I can see there is no escape from it. When driven 
by an electric field they spin either continuously or 
through an angle to a position of equilibrium, and their 
rotary movement communicates to the medium around 
them a twist which lasts so long as they are kept in 
motion but ceases when they stop. By the nature of 
their magnetic fields we infer that the positive charge is 
made by a right-handed twist, the negative by one left- 
handed, and the simplest form which such screw elements 
can have is a half-turn loop or kink on an elastic cord. 
There is other experimental evidence of increasing 
weight that electrons spin as they move in an electric 
field. 

(8) Protons and electrons are permanent structures, 
remaining so under the greatest extremes of temperature 
that we can apply on earth. Now it is impossible to 
make discrete permanent structures of this or any other 
kind from a homogeneous medium by a single act. The 
medium itself must have a finite but still simpler struc- 
ture. This is recognized in the theory of relativity in 
which a fine-grained dynamic continuum is acknowledged 
to be necessary. But since the ether transmits rota- 
tional electromagnetic waves of extremely short wave- 
length without change of type, the rotational elements 
in it must be correspondingly small. If, again, electrons 
and protons are to be regarded as screw forms or kinks 
made out of this fine-grained medium, the fineness must 
be one of rotation, that of vortices—it cannot well be 
anything else; it could not, for example, be a granular 
fineness like small shot, as nothing that we could do 
with round shot could ever give its single elements the 
character of screws. An attempt was made by Osborne 
Reynolds to explain the mechanics of matter by a 
granular medium, but it was not a success. A necessary 
and sufficient condition is that the medium should 
consist of elements, smaller in diameter than electrons 
or protons, already in torsional strain or rotary move- 
ment and uniformly distributed in every direction. 
Since a permanent static twist is ruled out by the fluid 
nature of the ether there is left one conception, that of 
vortex threads, an inextricable tangle of spinning 
filaments. Such a medium is called a vortex sponge. 
A medium of this kind is mathematically possible. It 
has dynamic elasticity and inertia and can transmit 
light and other electromagnetic waves. The genius of 
Lord Kelvin leapt to this view of the ether nearly 
60 years ago, following Helmholtz's discovery of the 
mathematics of vortex motion. 

Kelvin suggested that atoms might be ether vortices, 
and his paper on '' Vortex Atoms ” in 1867 may be 
regarded as the first step towards the etherial origin of 
matter. His proposal was that atoms might be closed 
rings or loops or kinks on vortex filaments, probably 
hollow, but his scheme failed to explain the very complex 
physical and chemical differences between elements and 
was not followed up. But there is nothing to restrict 
the application of Kelvin's originalidea that the ultimate 
forms are loops or kinks on a vortex thread to the 
electrons and protons of which atoms are made, pro- 
vided that their permanence and differences of size and 
mass and electromagnetic behaviour can be accounted 
for, and that the suggested means by which they combine 


to form atoms follows logically from their structure. 
sir Oliver Lodge, who has done more than any other 
living physicist to make the ether a real thing to us, 
wrote 37 years ago, '' All kinds of electricity are to be 
explained as Sir William Thomson has shown us, by 
simple motion not of a simple fluid but a fluid in a violent 
state of spin: a vortex sponge, as it has been called, is 
what the ether is going to turn out to be." Modern 
philosophy agrees that ''the universe is throughout 
its whole extent unceasingly dynamic." Dr. Whitehead 
in ‘‘ The Concept of Nature " says: ‘‘ A scientific object 
such as a definite electron is a systematic correlation of 
all the events throughout all Nature." It follows that 
the medium of which electrons and protons are made is 
itself dynamic. It is a fluid, and cannot, as Einstein 
has shown, move bodily with reference to matter, but it 
can have minute spin in regions small compared with 
matter. By virtue of this fine gyrostatic action it is 
able to transmit electromagnetic waves which require 
rotational elasticity in the medium. I am assuming 
that everyone here will know what a vortex is. There 
are few of us who have not been afraid in our early 
youth of the sound of a vortex in a bath. Such a 
whirlpool is a hollow spiral vortex. 

I have said previously that the medium of which 
electrical charges are made is the ether. In these days 
of radio most of us believe in an ether, though some 
advanced mathematicians have devised a symbolic 
representation of the universe into which such an 
objective medium as an ether does not enter. Other 
deep mathematical thinkers agree that an ether with 
the properties of an extremely fine-grained vortex sponge 
is indeed the most probable of all the schemes which 
have been proposed to explain its nature. We know 
that the ether behaves as a fluid of which the elasticity 
and inertia are rotational, and very different from those 
of ordinary matter. That immense vortices or rota- 
tional whirls have been made in the universe there is 
ample evidence. The solar system itself is a gigantic 
eddy in the ether broken up into drops, some of which 
have solidified like the earth or moon while others, like 
the sun itself, are still gaseous. In the sun there are 
vortices or sunspots somewhat resembling terrestrial 
cyclones, often large enough to swallow the earth like 
a ball dropped into a well. There are in the spiral and 
other nebulz, of which over 2 million are known, and 
which extend to the boundaries of the known universe, 
vast eddies in space in various stages of completion, 
uniformly spaced about 1800000 light-years apart. 
What are the steps by which these nebule came into 
being in space? There are, I take it, two alternatives, 
either that there was a ''creation " in the sense that 
there must have been a beginning for the rest of 
evolution to follow, of a cosmic gas of uniform density 
throughout all space, followed by segregation into 
nebulae according to Dr. Jeans's theory ot gravitational 
instability, or that each nebula is the result of a separate 
Iocal whirl, at intervals of time not, as astronomical time 
goes, very far apart. In either case there was, I suggest, 
spin of the ether to produce matter, but since electricity 
came before matter it must have produced electricity— 
equal quantities of each kind—first. No accepted 
explanation of the origin of these or of any astronomical 
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rotations has, so far as I know, ever been offered, but we 
see that thev are valuable evidence of an essential action 
in the development of ether and matter, that is, spin. 
The existence and transmission of vortex motion seems 
to be the outstanding physical feature of the universe. 
My colleague, Prof. Ferguson, reminded me that this idea 
is not exactly new. Aristophanes in his comedy of the 
“Clouds " (line 380), in a discussion between Socrates 
and his rustic pupil Strepsiades, makes them hold the 
following conversation as to the origin of piled-up cloud- 
forms. Socrates had been saving that the clouds could 
not help themselves, they were forced to move by 
neccssity. | 


Strepsiades : “ But is it not He who compels this to be 
Does not Zeus this necessity send ? ” 


Socrates: '" No Zeus have we there but a Vortex 
of air." 
Strepsiades : ‘* What, Vortex, that'ssomething, I own. 
I knew not before that Zeus was no 
more 
But that Vortex was placed on his 
throne.”’ 


That was written some 2400 years ago and seems 
singularly modern, for the words Socrates used were 
“ aitherios dinos,” vortex of the ether, and '' dinos,” by 
a Greek play of words, a change of gender, means 
here '' son of Zeus ” as well as “vortex.” 

In order to see how the ether came to be this fine- 
grained vortex sponge, let us imagine in the beginning 
a dark, frictionless and structureless medium filling all 
space, capable of being set in rotation but incapable, 
because of the absence of rotational properties, of trans- 
mitting light. '' The earth was without form and void, 
and darkness was upon the face of the deep." At some 
point in this perfectly still medium a great state of spin 
is produced. How, we may never know. It is possible 
that it was not a sequence of Nature in evolution but 
(and in this I follow Sir Joseph Larmor in his reference 
to the electron) a supernatural act, that is, beyond the 
possibility of origin by any mechanical action of which 
we have knowledge in nature. From what we know of 
the properties of tht ether as it now is, translational 
movements on an astronomical scale would appear to 
be impossible, though they might not have been impos- 
sible in the primordial medium before the ether was 
given its rotational qualities. If, on the other hand, 
the original motion were from the first fine-grained 
compared with matter, as made later, the ether would 
at once come into being as a vortex sponge. 

(9) It should be mentioned here, in order to clear a 
possible difficufty, that the late Prof. G. F. Fitzgerald 
suggested that ether vortices might be spiral, that is that 


the rotary movement should be accompanied by a. 


transfer of motion along the filament such as we are 
familiar with in a whirlpool or waterspout. If this view 
were accepted (and with the weight of his remarkable 
insight behind it, the possibility cannot be neglected), 
some difficulties in the way of visualizing a vortex 
sponge would be removed, for we can imagine loops, or 
centres of spiral disturbance, of limited length drawing 
the medium into the vortex at one end and passing it 
away at the other, the loops not merging at the crossing 


point because of the opposite streaming motion there, 
and the area of action varying as the inverse square of 
the distance from the centre, as it should according to 
vortex theory, for the circulation at any point is propor- 
tional to the radius of the vortex, and the velocity of 
displacement along the axis to the inverse square of the 
radius. Electricity and magnetism in space are, of 
course, two views of the same action, the circular 
component of motion perpendicular to an axis of any 
kind of electric displacement being magnetism, both 
of them intrinsically dynamic, static only in their 
steadiness of motion and both extremely fine-grained. 
(10) In order next to see how the two kinds of atomic 
electricity were made from such an ether, let us take a 
portion of this dynamical vortex sponge and spin it as 
a whole, for, as we see, thcre have been many such 
eddies in the universe, and a local spin, like that of a 
nebula, is not only permissible but certain to have 
occurred in the formation of matter, unless the original 
spin of the primordial medium which gave the ether 
its dynamic character created matter at the same time 
so that ether and matter came into being together. 
The effect of this second spin is that the rotation 
of one half of the vortex threads will be increased, 
wbile that of the other half will be diminished. What 
is the result of applying twist to a thread having 
elasticity of its own, whether static or dynamic? 


Proton 7 Electron 


Positive, righthanded C er ux 
small Negative, lefthanded 
Large e 


Fic. 1. 


At a given intensity of twist a loop suddenly forms, 
which, if the torsion is in the same direction as the 
original spin, is small and tightly held, while if in 
the opposite direction it is large and loose. Such 
loops or half turns on solid elastic wires or cords form 
an ''elastica" curve and are not permanent. They 
rclax when the force is reduced. But when a vortex in 
a fluid is twisted in this manner the loops formed are 
permanent, and it is this permanence which makes 
possible the theory now being advanccd for the formation 
of electric charges. The reason for this is that there is 
a constant stream of fluid through the loop from the 
surrounding space caught in by the spin of the vortex. 
Part of this stream encloses the two lower branches of 
the loop, forming a ring locked throughit. This dynamic 
ring pulls the two sides of the loop together to a position 
of equilibrium and, since there is no friction in the ether, 
the loops, once formed, are permanent. There is an 
exact parallel between the behaviour of such a fluid 
vortex loop and an electric current with its magnetic 
field. When a current is passed through a wire in the 
form of an elastic loop the two parts are drawn together 
and stay so as long as the current continues. If the 
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wire had no resistance such a loop would hold together 
for ever without expenditure of energy. 

It follows then that an intense spin given to a portion 
of a vortex sponge ether would produce equal numbers 
of permanent kinks or knots looped on its filaments, of 
the kinds required by observed facts of electromagnetism 
to make the electricity of the universe. 

(11) We saw that a proton in motion behaves mag- 
netically as a right-handed loop, an electron as a left- 
handed loop, and by Rutherford's measurements we 
know that the former is small and has much more mass. 
The only possible view of this difference in size is that 
the ether filaments have a definite uniformity of size 
and spin so that, as we have shown, when they receive 
another twist from outside, half of them are twisted 
tighter, the other half untwisted. The loops made on 
the one half are small and tightly bound, while those on 
the latter half are by comparison large and loosely held. 
Our hypothesis therefore gives an explanation of their 
difference in size. It is improbable that the universe 
as a whole should expand or contract by the formation 
of matter. The reduction of volume in the making of 
a proton is then equal to the increase of volume in 
forming an electron. The present hypothesis show how 
this is possible. 

(12) They also differ greatly in their mass and, since 

the mass of a body is measured by its resistance to 
acceleration, the question arises as to why a small 
vortex loop should have more mass than a large loop. 
Now the charges are equal, i.e. there is the same circu- 
lation of the medium through each loop in a given time. 
But everyone knows that to get a streaming crowd 
through a door in a given time is more difficult when 
the door is small than when it is large. The crowd has 
apparently greater inertia. For this reason electricity 
with the smaller loop, that is the proton, is the more 
difficult to set in motion and has therefore more mass. 
e The reason why the proton and electron have the 
same charge in spite of their great difference of mass 
is that they are formed from ether filaments all of the 
same original circulation and size. The permanence of 
the difference in size of loops on vortex filaments of great 
dynamic energy can be readily imagined, and the extra- 
ordinary dynamical rigidity which a vortex may have 
is shown by the fact that the smoke rings of heavy 
artillery in action have been known to shear clean 
through steel shields as though they were paper. 

(13) The work done in forming an electric charge is, 
on our hypothesis, that required to twist a vortex fila- 
ment until it forms a loop with its locking ring. It is 
easy to show by trial that much more work is required 
to form a small, tightly held loop than a large, open one. 
For this reason alone a proton should have more absolute 
mass and therefore more absolute energy than an 
electron. Before the twist was applied there was ether 
but no electricity. Except for the spin of the filaments 
on their centre lines the ether as a whole is at rest, and 
an electrical charge, moving through it, winds the ether 
on and off as it advances, as everyone must have seen 
in water eddies. The ether in the charge is never for a 
moment the same—the motion and shape persist. 
Matter therefore is in a perpetual state of flux, and as 
we move through the ether at rest ‘‘ We are no other 


than a moving row of changing shadow shapes that 
come and go," as old Omar wrote. 

Electricity and energy are mutually convertible. It 
is conceivable that in the hot stars where there are 
temperatures far beyond those of the solar system and 
reckoned in millions of degrees, electrons or protons 
may have their loops burst off or open by collision, 
electricity vanishes and energy-in the form of radiation 
is released. The frequency of this radiation must be 
much higher than that generated by the movement of 
charges, being, in effect, that of the free oscillation of 
ether filaments without the added inertia of discrete 
charges. 

(14) Let us next consider how the two electricities in 
the form of loops combine to form matter, for it is 
essential that our theory should be capable of explaining 
this. It is quite in order to have two loops on a single 
thread. Bring the tail ends of two opposite vortex loops 
together. They at once combine into one filament and 
are drawn together by their suction, and the two reach 
equilibrium under its lateral curvature. They form 
then right-hand and left-hand loops on the same thread, 
but each is permanent so that the figure as a whole is 
permanent. It is in fact a model of the hydrogen atom 
with a proton as nucleus and an electron revolving 
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around it. Since all atoms of matter are made in the 
same way as the hydrogen atom it follows that there 
must be equal numbers of protons and electrons in the 
universe. The reason why the negative charge revolves 
may be explained as follows: The two charges having 
unlike signs attract and approach.* If a charge having 
a screw form gets into a vortex region it moves up Or 
down the vortex according as its sign is the same as 
or opposite to that of the vortex circulation. The 
negative charge having the less mass moves rapidly, 
the proton scarcely at all. They cannot, owing to 
their structure, collide and merge into one another, but 
the electron in rushing towards the proton meets the 
elastic recoil of the filament as a curved spring which 
deflects it and, as it were, causes it to turn a somersault 
over the positive loop. This is accounted for in the 
usual atomic theory by assuming that attraction between 


unlike charges changes to repulsion when they come 


very near together, but I believe that no physical reason 
has been offered why this should be so. 

But though all atoms have a planetary structure, they 
differ greatly in their physical and chemical properties. 
Mcst of these differences have been traced to changes 
in the number and grouping of the outer electrons. 
Hydrogen is chemically very active, helium, the next 
element, equally inert. As we have seen, a vortex fila- 
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ment atom of hydrogen has two free ends which may 
become attached to other atoms with free ends and form 
a chemical bond. We know that it is the electron that 
is active in this way, and without venturing on the 
difficult subject of the origin of gravitational bonds we 
can say that these must come from the nucleus since 
this is where the mass resides, and they could be repre- 
sented -with partial truth by the free end of the proton. 
That this is not the whole story is seen from a study of 
the helium atom, the known structure of which is that 
it contains four protons and two electrons in the nucleus 
and has two outer planetary electrons normally unable 
to enter into combination with any other atoms. Helium 
has also only half the density it should have from its 
known mass, so that some of its gravitational bonds are 
missing. Such a chemically inert structure has of 
necessity no free ends or bonds. It must therefore 
consist of closed electric loops and could be specified 
as a nucleus of two hydrogen atoms in series on one 
filament, with inert loops of a new form, closed hydrogen 
loops like safety pins linked with it. This model has 
all the observed and recognized properties. It is abso- 
lutely inert; the nucleus is known to be twice the 
diameter of an electron; the outer electrons can be 
removed without destroying the nucleus which, on their 
loss, remains electrically stable; and the spectrum of 
helium requires that the orbits of the two outer electrons 
should be inclined at an angle to one another. 


Fic. 3.—Helium atom. 


(15) So far we have been considering the ether as the 
mother liquor of nature from which electrical charges 
have been crystallized out, and in which under certain 
conditions of high-temperature collision they may again 
be dissolved. But when an electric charge moves it 
disturbs the ether, and a series of waves spreads out 
into space. There is no free electric charge in the ether 
itself and it is therefore an insulator or non-conductor 
of electricity, but it transmits waves which have the 
power of inducing electric currents in conductors on 
which they may fall and which were shown by Maxwell 
to be themselves transmitted by electric and magnetic 
displacements of the ether, connected by laws of circu- 
lation with which we are familiar in vortex motion. 
A vortex ether may be regarded as a mass of fine-grained 
electromagnetism with no separate electric charges. 
. Since electricity can only move electricity, the ether, to 
be set in motion at all by electrical oscillation, must be 
such an electromagnetic medium. 

Ether waves are always started by a movement of 
charge, either of an electron to or from a proton or by 
oscillations on conductors. In the simplest case of a 
hydrogen atom the movement of the electron towards 
the nucleus gives rise to a change in the strain or circu- 
lation of the connecting filament or bond. Such a 
change of tangential conditions, that is, of the magnetic 
field, simultaneous with that of the electric field between 
the charges, gives rise to a disturbance in the neigh- 


bouring ether by wbich energy is radiated in a direction 
at right angles to both and therefore at right angles to the 
atomic orbit. These oscillations may be visible as light. 

Let us take as an example of the other oscillations, 
that is those on a conductor, the case of the vertical 
antenna of a radio station. When the base of this is 
connected to a generator there is a rush of current up 
the conductor, accompanied by a spin of circular mag- 
netic field around it. We may conceive the charges in 
their rapid motion dragging the ether filaments in 
contact with the wire around a little as they pass and 
so by their rotation setting up threads of magnetism 
which form as a whole the magnetic field around the 
conductor, or we may think of the magnetic field derived 
from the spinning motion of the electrons in the wire 
spreading out into space and inducing in each element 


ji 
Fic. 4.—Wave-front moving away from antenna. 


of space an electric movement identical with that which 
would be communicated by direct drag. On either view 
the result is a cylindrical displacement consisting of the 
partial rotation of countless ether elements through 
which there are magnetic fields at right angles to the 
electric motion. Thus we: can imagine electric and 
magnetic fields perpendicular to one another in the 
front of the wave, which, we know, advances from the 
antenna in a direction perpendicular to both. Now it 
has been in the past extremely difficult to visualize such 
a wave. Maxwell's picture of it did not help very much, 
though he was the first to see clearly what went on in 
the ether. The difficulty was to imagine the process by 
which waves are transmitted. A fine-grained ether can 
be seen to transmit plane waves of the right type in 
which the electric and magnetic movements are at right 
angles to the wave-front and are in phase, reaching their 
maxima and minima together. As the electric surge 
reaches the top of the antenna it piles up and stops, 
moves down again and oscillates as long as the energy 
is supplied. The energy communicated to the field 
moves away from the antenna at the velocity of light 
by the swing and relaxation in succession of the vortex 
filaments through space. 

(16) The origin of radiation by the movement briefly 
alluded to above, of charges bound in matter, is a 
deeper problem. It has been shown previously how 
the destruction of a charge by its untwisting can give 
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rise to high-frequency waves. Waves of lower frequency 
such as those of light are set up whenever two bound 
charges approach or separate. For on our theory such 
a movement results in a tightening or slackening, 1.e. 
twisting or untwisting of the ether filaments composing 
the two charges, which, when they are joined, are 
common to both. The problem of the origin of radiation 
has given rise to a new view of the nature of energy 
flow, known as the quantum theory, which has already 
changed profoundly the concepts of physics. Energy 
is known now to leave or enter matter not in a continuous 
stream but by small jumps or quanta, but there is no 
accepted model of how this is effected. It has been well 
said to have the nature of an escapement movement, 
in which there are certain positions of rest. Let us see 
how such a movement can take place in the absorption 
of radiation by a vortex hvdrogen atom. Radiation 
can only be absorbed when the frequency of the incident 
light is exactly the same as that of the rotation of the 
electron around the nucleus. The ether filaments 
rocking on their axes communicate rotary motion to 
the radial filament joining the electron to tbe nucleus 
as long as they are swinging in the same direction. 
But the radius is revolving, so that, if the stream of 
energy had always the same direction of roll, that which 
was received during one half revolution would be wiped 
out in the next. If, however, the roll itself reverses in 
exact synchronism with the rotation, energy is still 
communicated to the radial filament or bond, which 
gets wound up a little every half revolution. Now 
when we wind up a cord the first thing it does is to form 
a loop, the next to try and turn over or to form a second 
loop—either is possible. If the former occurs, the 
electron passes through a position of instability facing 
the wrong way and goes right over, making a complete 
turn where it stays until it has received or lost another 
definite supply or quantum of energy. A change of 
tractive force on such a filament is, by the principle of 
action, equivalent to a change in the attraction or force 
along its axis. The charges are therefore attracted or 
repelled, and the motion follows Newtonian mechanics 
in each steady state. If the filament is wound up they 
are attracted and energy is absorbed from incident 
radiation, while if unwound by loss of energy in radiation 
they are repelled and take up other positions of stability. 
Their energy level has changed and the size of the atoms 
altered. It is one of the difficulties of Bohr's theory 
of spectra that the energy should be given off in single 
steps, though it appears in a train of waves. In an atom 
of the form suggested above this difficulty is removed, 
for when by external forces atoms are thrown into such 
violent motion that their electrons are shaken into lowcr 
energy orbits and radiation occurs, the electrons turn 
over suddenly, relaxing their bond to the nucleus by 
one complete turn, and vibrate about the new radial 
position until their energy of linear radial movement is 
all radiated away. It is not possible for electrons held 
only by the laws of electrostatic action to make radial 
vibrations, but when the forces are considered to be 
electromagnetic as well as static in the sense that the 
bond to the nucleus is dynamic, has natural curvature and 
acts as an elastica, a train of waves of the same period 
throughout can well be imagined to be -part of each 


quantum change. It is the rotary motion of the eleciron 
which makes the quantum theory possible, and the 
conception of vortex filament electrons and protons 
joined by a common bond further makes possible a 
mechanical picture of how the energy is transferred in 
definite quanta. 

(17) Before we reach the final stage of our argument 
leading us back to Faraday and show how electricity is, 
as we say, generated, it is necessary to consider briefly 
the natures of conductors and insulators. An electrical 
conductor has swarms of free electrons moving from 
molecule to molecule, coming out like an electrical 
steam when the wire is heated. An electrical insulator 
may be an element like sulphur or a complex compound 
like paraffin wax or amber, in which there are few free 
electrons. In a perfect insulator there would be none. 
The electrical structure of an insulator is therefore a 
fixed framework or lattice. The nucleus of each atom 
is, as always, positive in sign and there are electrons in 
motion about it, but they are so attached to the nucleus 
that none of them can be free. When a conductor is 
placed in a steady electric field and has a closed eircuit, 
electrons stream through it, while an insulator under 
the same conditions becomes polarized, but there is no 
steady current for there are no free electrons to carry it. 

(18) In conclusion, then, let us see how electricity is 
generated. Since matter is all electricity of equal and 
opposite kinds, and electricity in motion is a current, 
a piece of matter, whether conductor or insulator, when 
moved through space makes really two equal and 
opposite electric currents. We cannot readily detect 
these for their joint magnetic effect is nil. If, however, 
the motion is through a steady magnetic field, the minute 
magnetic field around each moving charge reacts on the 
steady field, distorting it and forcing the positive charges 
to one side, the negative charges to the other, in this 
exactly imitating the effect of an applied voltage such 
as that from a battery. If the substance moved is an 
insulator the charges of which it is made move a little 
and then stop, they cannot escape from one another; 
whilst if it is a conductor the positive charge moves a 
little and is held by the molecular structure, but the 
free electrons in it, though a small proportion of the 
whole, are driven along and pile up towards one end, 
giving the open-circuit voltage. When the ends of the 
moving conductor are joined, the electrons stream 
through the connecting wire and the windings on the 
machine, the latter acting as an electron pump, forcing 
the charges through lamp and motor in workshop and 
train, and giving light, heat and mechanical power. 

This was Faraday's greatest discovery, though he 
did not live to see its fruition. For nearly 50 years it 
came slowly into use. The great development of elec- ` 
trical power in our time has come from two subsequent 
inventions, the steam turbine and three-phase trans- 
mission, and turbo-generator units are now contemplated 
as large as 250000 h.p. The whole purpose of these 
great machines is not to generate but to separate charges 
which have been in the metalsince the beginning. We 
in this country have yet to learn how to use electrical 
power to the full. When we do, let us not forget the 
great and self-denying man who by his researches gave 
this powerful servant to mankind. 
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ON 


"NOTES ON THE 60000-VOLT UNDERGROUND NETWORK OF THE UNION 
D'ÉLECTRICITE." * | 


NORTH-WESTERN CENTRE, AT MANCHESTER, 22 Marcu, 1927. 


Mr. C. J. Beaver : Much of the subject-matter of 
the paper was published about four years ago in the 
Revue Générale de l'Électricité ; in fact some of the con- 
tents are word for word exactly as they appeared in 
that publication. Therefore I think there will be a 
good deal of disagreement with some of the points put 
forward, if only on account of the progress made in the 
manufacture of cables since that time. The progress 
has been particularly rapid within the last year or two. 
There is a general consensus of opinion that the primary 
cause for all these troubles and fears which led Col. 
Mercier to the choice of single cables is really the occlu- 
sion of air and gases in the dielectric. It therefore 
seems to me that the logical thing to do is to make a 
frontal attack upon that root cause. There are certain 
ultimate causes which are based on that primary cause. 
For example, if air is occluded in the dielectric, when 
that dielectric is passed through cycles of heating and 
cooling various things happen. The occlusions of air 
are segregated in different forms and in different dimen- 
sions, and therefore become more susceptible to the 
electric stresses to which they are subjected, and more 
readily ionized. All those things come back to the 
original root cause, the presence of air in the dielectric. 
The single-core cable is, perhaps, a little easier to 
impregnate by the ordinary method than is a three-core 
cable, but the ordinary method does not permit of the 
positive exclusion of air. Under the heading “ Reasons 
for the choice of single cables ” there is a paragraph 
with which I would strongly join issue. It reads: 
" Moreover, the construction of three-core cables, no 
matter how carefully carried out, alwavs involves a 
heterogeneous region from which it is impossible to 
remove all air and which becomes a partial conductor 
when the air is ionized. Confirmation of this is obtained 
if the dielectric losses of a cable of this type are deter- 
mined." It is quite possible, by the use of methods 
I have described before, to produce three-core cables of 
the ordinary belted type with losses of even a smaller 
order and of a more constant character than are found 
in the ordinary single cable made by the common 
methods. Fig. K illustrates the results obtained 
to-day in ordinary commercial practice, which furnish 
strong evidence in this matter of occluded air. 
The graph relates to a three-core cable, of which 
we make large quantities under commercial con- 
ditions. The test is carried out under three-phase 


* Paper by Col. E. MERCIER (see p. 499). 


conditions, and the basis of the test in this particular 
instance is the difference in power factor between the 
different values of stress. The points shown on the 
lantern slide are for applied voltages of 33 kV and 
66 kV, representing values of maximum stress in the 
dielectric of 30 and 60 kV per cm. The specification 
under which this cable is made, and which is fairly 
common, laid down that the difference between the 
power factor at those two values should not be more 
than 20 per cent. The graph shows that the actual 
value is only about one-third of this figure. I wish to 
emphasize the fact that the cable in question is an 
ordinary type of three-core cable tested under three- 
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Fic. K.—Power-factor/voltage test on 3-core type cable 
under three-phase conditions. 


Temperature 16? C, 
Difterence in values of power factor at 66 kV and 33 kV = 0-0007. 


phase conditions which ensure that the stress includes 
padding spaces and everything in the cross-section 
of the cable. I think the thermal dissipation of the 
author's method of laying is rather uncertain. There are 
statements in the paper which infer that it is a very 
excellent method, but I think that much better methods 
could be devised from the thermal dissipation point of 
view. I gather that the joints have not been altogether 
satisfactory. From the results of very many experi- 
ments in the direction of evolving the best type of high- 
pressure cable joint I long ago abandoned everything in 
the way of hand-applied wrapping and relied on the 
solid compound filling. That, of course, involves quite 
a number of other points; for example, the form of 
joint showrt would not be at all suitable for the solid 
type of filling, but it may be interesting to know that 
the most excellent results can be obtained from a 
trough-shaped type of joint with no wrapping on the 
conductors and filled solid with compound. By that 
means each joint stands on its merits and is unaffected 
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by anything that happens in the cable on either side 
of it. 

Mr. H. Hawkins : The Union d’Electricité displayed 
much foresight when they adopted a pressure of 60 000 
volts for three-phase underground transmission, a 
selection which events have apparently fully justified. 
Some such pressure will, in my opinion, eventually 
supersede 33 000 volts in this country, as this latter 
pressure appears to possess all the disadvantages of 
super-tension working without adequate compensations. 
Where large undertakings are concerned, economic 
Considerations demand comparatively heavy conductors 
fully loaded for a working pressure of 33 000 volts. The 
temperature-rises in such cables may result in dangerous 
mechanical movements of the cable as a whole or of 
its component parts. These movements have already 
caused a considerable amount of trouble in the belted 
type of three-phase cable, and I am of the opinion that 
troubles may arise in other types unless what is an 
uneconomic size of conductor is adopted for use at this 
pressure. The size of conductor adopted by the author, 
of about 0-234 square inch, appears to me to be some- 
what excessive, considering the working pressure, and I 
feel that trouble may also arise from the causes just 
mentioned, the alternate heating and cooling down of 
the cables, if they are periodically loaded up to the 
suggested current of 300 amperes. Speaking generally, 
I think that 31000 kW for one feeder is somewhat 
excessive, except for the very largest undertakings, as 
the loss of such a feeder on load, due to tripping out 
for any reason, might seriously disturb the normal 
distribution. Another reason for the adoption of higher 
pressures in this country is the ever-increasing congestion 
in the spaces available under the footpaths and roadways 
in our cities and large towns. Even now the maximum 
economy in space occupied by transmission lines is 
demanded. To enable this maximum of economy in 
the space occupied by transmission lines to be obtained, 
the only thing to do is to raise the pressure. This point 
is important and must receive due consideration in the 
future. The same need for the most economical use of 
the space available for switchgear, etc., in power sta- 
tions and substations is even now making itself felt. 
With regard to the comparisons made by the author 
between his three lead-covered single cables and the 
so-called new type with metallized paper, presumably 
the Hóchstádter cable, I do not consider that the dis- 
advantages cited are in any sense prohibitive. In the 
first place it is open to doubt that the cost of “ H ” 
type is to-day greater than that of the system adopted 
by the author's company ; and, with regard to the 
question of joints, I am of the opinion that super-tension 
jointing work has not in France reached quite such a 
state of excellence as in this country, particularly three- 
phase jointing. Furthermore, I can only infer that the 
author was basing his argument on French practice 
when he suggested that joints on the “ H ” type cables 
would be more cumbersome and complicated than the 
joint illustrated in the paper. The three single-phase 
joints shown occupy a space of about 15 ft. x 3 ft. 3 in., 
figures which certainly would not be exceeded by an 
“ H ” type joint fora similar pressure. On the question 
of dismantling and re-building following a breakdown, 
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one disadvantage of the author's company's system is 
that a failure of one only of the single-phase cables may 
nevertheless necessitate the opening-up of a considerable 
length of footpath or roadway in a busy thoroughfare 
to effect the repair; whereas with the ''H'" type or 
other three-core armoured cables, repair or replacement 
lengths can be drawn through the spare pipes provided 
in such areas for that purpose, also for additional feeders 
if they are found necessary. It is the general inflexi- 
bility of the Paris system which appears to me to be 
its chief disadvantage. The ''S.L." type of cable 
appears to have escaped the notice of the author, and 
as it occupies an intermediate position between the two 
types considered by him, and possessing, it may be 
argued, the advantages claimed for each with apparently 
none of their suggested disadvantages, it must be 
assumed that news of its advent had not reached France 
when the paper was written. 

Mr. G. G. L. Preece: The author makes out quite 
a good case for single-core cables for 60 000 volts, but 
his paper really affords a peg on which we can hang a 
discussion on the troubles we have had with our 33 000- 
volt cables, and make an examination, as it were, as to 
why we have had those troubles, especially seeing that 
the author installed a system without any troubles at 
all. He was perhaps fortunate in choosing 60 000 volts 
rather than 33 000 volts. Quite deservedly British 
cable makers, largely owing to the policy of the Cable 
Makers' Association, had the reputation of building the 
best cables in the world. Everybody admitted that at 
one time, and it is therefore interesting to speculate on 
the reasons why that reputation has rather suffered in 
the past few years. There has been an accusation 
made that some cable makers, prosperous though they 
were, did not make research as they should have done 
and were in a very great hurry to grasp the fruit of the 
orders then flowing in for 33 000-volt cables. They 
might have been quite naturally misled by the very 
high factor of safety obtained on all the cables made 
previously. Up to a pressure of 22 000 volts there was 
undoubtedly a very large factor of safety, and the cable 
makers assumed that no changes in manufacture would 
be necessary for 33 000-volt cables. It seems to me 
that they hardly realized that small imperfections in 
the manufacture of their cables in the ordinary way, 
which could be safely ignored in dealing with pressures 
up to 22 000 volts, were apt to cause trouble at 33 000 
volts and higher voltages. Although I am not in 
favour of the '" H " type of cable, for the reason that 
it is of foreign manufacture, I think it has very great 
advantages. At the same time I am very glad to 
see that owing to the British cable makers’ enter- 
prise we have the “S.L.” cable, a British type 
which, to my mind, does all that the '' H " cable can 
claim to do, and that many engineers in this country 
are of the same opinion is evident from the numbers 
of orders recently given out. I do not think that the 
three-core belted cable is absolutely dead, and this is 
borne out by the recent interesting correspondence in 
the electrical Press. Mr. Nisbet defended the three-core 
type and did it well. In the course of that corre- 
spondence he made the statement that originally there 
had been a good deal of the three-core belted cable used 
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in Germany and afterwards some of the Hoóchstádter 
type, but experience had persuaded the users to revert 
to the three-core belted type. That statement is 
very significant and does show that that particular 
type of cable is not dead. What are the causes of the 
trouble with the belted type of cable? The author 
mentions tangential stresses and occluded air. If 
tangential stresses were the sole cause they could be 
easily taken care of by the insulation provided in the 
three-core cable of the belted type, because the factor 
of safety is so large. There is not the slightest doubt 
that the breakdown is due to the combination of the 
two, and the real destructive agent is the occluded air, 
as Mr. Beaver has already mentioned. Now what is 
the best way to remedy that? It is, in my opinion, 
all a question of impregnation. There are two methods 
of impregnating a paper cable. In one, which is used 
practically everywhere, the paper is impregnated after 
the ordinary paper is wrapped on the cable. The paper 
is up to $ inch in thickness and is impregnated in vacuo. 
I have never understood how it is possible to get an 
absolutely uniform impregnation right through the cable. 
Either it is under-saturated or super-saturated, or the 
outer layers are getting more than the inner layers. 
In the other type of impregnation the paper is impreg- 
nated in big rolls prior to application and it is easy to 
get an absolutely saturated, uniform impregnation with- 
out any excessive compound. The paper is cut up into 
strips afterwards as required. I understand that in 
other countries 33 000-volt cables have been made up 
with paper of this type, running at high current density 
without trouble. It is well known that many cables of 
the belted type with the usual impregnation have been 


run successfully in this country with low current den= 


sities and have afterwards broken down at higher current 
densities. In this instance the paper was put on with 
no special precautions for occluding the air, impregnated 
paper being simply wrapped on the cores in the ordinary 
way. The author of this method of impregnation has 
now gone further. He applies his impregnated paper 
to the cable under compound and out of contact with 
air. I do not think that enough serious consideration 
has been given to Mr. Beaver's method of occluding the 
air in three-core cables. A cable with paper applied in 
the way I have described is insulated absolutely out of 
contact with air and therefore there is very little chance 
of any air being occluded. There seems, therefore, to 
be no reason why the three-core belted cable—un- 
doubtedly the best mechanical form of three-core cable 
made—should not be quite successful for use on 33 000 
volts. There may be a certain preference for equi- 
potential cables, such as the “ H ” and '' S.L." types, 
but is it certain that they contain no occluded air? 
If made üp with paper impregnated after application 
is not there the same liability to breakdown with a 
single cable if occluded air is present, though it may 
take longer? These types of cable may be quite good 
and safe, but in my opinion they would be infinitely 
better and safer if they were insulated with paper 
impregnated before application and wrapped out of 
contact with air by the method Mr. Beaver adopts. 

Mr. L. Romero: This paper has particularly in- 
terested me because we are just completing in Salford 


an installation of single-core cables for 33 000-volt 
feeders between our two power stations. These cables 
have been laid in triangular form in concrete troughs 
flled with sand or fine earth, thus forming a con- 
struction very similar to that described in the paper, 
except for the important difference in the working 
pressure. I feel sure that the author was wise in 
adopting the single-core cable for 60 000 volts and that 
his company thereby saved themselves a great deal 
of trouble and expense. I am sorry that he has not 
given more information regarding the troubles ex- 
perienced with these cables, and I should like to suggest 
that it would be of great service to the industry if some 
information from a large number of users of super- 
tension cables were tabulated and published. Such 
information should include the type, mileage, sectional 
area of conductor, the period in use at full voltage, the 
extent to which the cables have been loaded and as 
full particulars as possible of the troubles experienced. 
Such information, if available, would be of great value 
to intending purchasers of super-tension cables. In 
comparing single-core cables with the three-core belted 
type of cable the author has omitted to point out, or 
has drawn no special attention to the point, that the 
most obvious and perhaps the greatest advantage of 
the single-core cable over the three-core belted type of 
cable is the reduction of the working pressure on the 
dielectric from 60 000 to 34 700 volts. This means that 
the working pressure on the dielectric of these single- 
core cables for 60 000 volts is very little more than 
that applied between phases with 33 000-volt three- 
core belted-type cable, and with the same thickness of 
dielectric in both cases the factor of safety on the 
60 000-volt single-core cable should be higher than on 
the 33 000-volt three-core belted-type cable owing to 
the elimination of the tangential stresses. I am entirely 
in agreement with Mr. Beaver as to the desirability of 
excluding all air from the cable, but I feel that the 
possibility of the complete achievement of that aim is 
somewhat problematical. At the moment the most 
obvious way of obtaining a safe and reliable super- 
tension cable is to use either single-core cables or a 
three-core cable with some form of earthed equipotential 
sheath surrounding each core. Either of these types of 
cable should give a sufficient factor of safety, even 
without the new and improved method of impregnation 
which Mr. Beaver has introduced. The author's state- 
ment that three-core feeders cost more than single-core 
feeders, even after allowing for the troughs and laying, 
came as a surprise to me and is directly contrary to 
my own experience. If the author's statement is con- 
firmed by the prices quoted by British cable makers, I 
think a very strong case can be made out for single-core 
cables against any type of three-core cables. 

Mr. H. C. Lamb : The author rather leads one to 
think that his company adopted single-core cables as a 
result of research work which they, or someone else, 
carried out, and some information regarding these 
researches would have been of great interest. It was 
certainly fortunate for the author's company that the 
density of load, and the transmission distances, demanded 
60 000 volts; and these conditions were probably the 
determining factor in the choice of single-core cables in 
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preference to three-core. Whether the Paris research 
work was conclusive or not, I think it must be admitted 
that that of the British cable makers was not particularly 
thorough. They were confident that they could make a 
really reliable 33 000-volt, three-core cable of the belted 
type, and even manufactured this type for 60 000 volts. 
In the early days, when troubles were being experi- 
enced on the Paris cables (as implied in the paper, 
but, unfortunately, no particulars are given) grave 
doubts were felt by many people of the eventual success 
of the Paris undertaking, but apparently those doubts 
have been groundless. Although we have had troubles 
in this country, it must not be thought that no success 
has been achieved. The Gennevilliers station—accord- 
ing to the paper—is delivering an output of over 2 million 
units per day by means of 60 000-volt cables. In this 
country the largest output from any station working at 
33 000 volts is, I think, 1 million units per day from the 
Barton station. As in Paris, the supply is entirely 
reliable—that is, so far as the consumer is concerned. 
The cables, of course, give trouble, and it would be 
absurd to call them reliable. So far as it goes, the Paris 
experiment is a success, but it has to go much further 
yet. It appears from Fig. 1 that there are 14 trans- 
mission lines running from the Gennevilliers station, 
and—after Mr. Beaver's assertion that much of the 
information was published four years ago—I am inclined 
to think that the loading given in the paper for these 
cables is the result not of practical experience but of 
the original experiments. It would appear from the 
number of cables, and the sizes given, that they are 
being worked at not much more than two-thirds of 
their rated capacity. Have any of these cables been 
consistently loaded up to the rating given in the paper— 
that is, a density of 1300 amperes per square inch ? 
In the early days of the 33 000-volt cables in this 
country we were all led astray because a number of 
cables were working quite satisfactorily at very light 
loading, and it was not until the load began to be 
increased that trouble started. There are lightly- 
loaded cables to-day which have been working for years 
without a single failure, but exactly similar cables have 
failed disastrously when loaded up. This applies not 
merely to one maker but to several. The test comes 
when the cables are subjected to severe conditions of 
expansion and contraction. We all hope that Mr. 
Beaver's method of manufacture will be entirely success- 
ful. He has, I know, many cables at work which have 
been made under this system, and probably a little time 
will show whether he is right or wrong. The same 
remark applies to the “ H ” cable. We are all anxious 
to see this tried out, but, as Mr. Romero said, what 
users who have had unfortunate experiences desire is, 
above all, safety. We should like to see experiments 
made at other people's expense, and we are therefore 
inclined to turn—for the present, at any rate—either to 
single-core cables or to the “ S.L." type. Mr. Romero 
mentioned the question of cost: I had to deal recently 
with tenders for cables of this type, and I found that, 
when such cables are laid in the ground, the total cost 
is only some three or four per cent more than that for 
cables of the belted type. 

Mr. T. E. Herbert : The author states that cables 
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containing telephone subscribers' circuits are laid in 
the same trench with the high-tension cables and that the 
users of these circuits are protected from injury by the 
interpolation of transformers. Presumably the circuits 
referred to are purely local telephones used only for 
administrative purposes and are not connected to any 
public telephone exchange. The standard of efficiency 
for such local circuits may be very low, since they do 
not form part of the public exchange system and are 
not therefore extended to the main trunk lines. The 
interpolation of transformers in each circuit precludes 
automatic switching and signalling; this alone would 
seem to make it impossible for cables containing public 
circuits to be used as indicated. In general, exchange 
circuits should be run as far away from such power 
cables as is possible, and the more so that, in the present 
development of high-tension cables, breakdowns are 
liable to occur. It is, moreover, observed that the 
cables were laid very near to the surface of the ground ; 
this seems undesirable in view of the possibility of 
accidental physical damage during road repairs. 

Mr. W. H. Duncan : I have been associated with 
the North-East power companies where 66 000-volt 
cables have been in satisfactory commission for some 
time. The author seems to have been fortunate in the 
fact that he was able to decide on single-core cables 
prior to installation. The process of elimination on 
the North-East Coast before single-core 66 000-volt 
cables were finally adopted may be of interest. In the 
first instance a three-core ordinary belted-type cable 
was installed and this was in commission some few 
months before it broke down. As a result of this and 
subsequent breakdowns, samples of cables were 
examined. It was found that, probably due to the 
thickness of dielectric and to difficulties encountered in 
impregnation, certain lengths could not be relied upon. 
Subsequently a second three-core belted-type cable was 
installed in another position, but this also gave trouble. 
Then an oil-duct belted-type three-core cable was 
installed and was operated for some months, when 
it was found that a mechanical defect had developed 
in the lead sheath which allowed oil to drain away. 
This drainage proceeded for some distance from the 
defect in the lead sheath, leaving the insulation dry 
and causing the cable to break down. Finally it was 
decided to adopt single-core cables of British manu- 
facture, similar in type to those advocated by the 
author, except that in order to comply with the regu- 
lations a copper tape was used in connection with 
armouring. The cables are laid direct in the ground in 
close triangular formation and are covered with a 
creosoted board as protective cover. The authors 
system of laying cables in concrete troughs filled with 
sand is not good from a heat-dissipation point of view. 
The direct system of laying is undoubtedly much better. 
The single-core cables on the North-East Coast are in 
all instances in commission at 66 000 volts, in series 
with overhead lines interconnecting large power stations, 
and no trouble has been experienced with them during 
the 18 months they have been in operation. The cables 
have not been loaded up to their full current-carrying 
capacity, but they are subject to variations in load. 
They were for some time switched out at night to allow 
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them to cool down, and then switched direct on to the 
system without the interposition of charging apparatus. 
In reference to Mr. Herbert’s remarks in connection 
with telephone cables, on the North-East Coast a 
telephone cable is laid in the same trench as the single- 
core cables and I know of no difficulty from induced 
voltage. The single-core cables are revolved at jointing 
positions and the telephone cable is laid about 1 ft. 
below the e.h.t. cables. The telephones are, I believe, 
operated by the usual type of instrument and I have 
heard of no interruption or of anyone being affected when 
using the telephone. The author's trouble seems to have 
resolved itself largely into questions of jointing, but 
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after some years of experience with 66 000-volt cables 
of various types I have never yet known of a fault 
which has occurred through defective jointing or design. 
As to comparison of cost, I was surprised to learn from 
the paper that single-core cables were cheaper than 
three-core cables. That has not been my experience. 
It seems that single-core cables can be obtained 
on much more favourable terms in France than in 
this country. 


(Ihe author desires to refer those who took part in 


. the above discussion to his reply to the London and 


Newcastle discussions (see page 515).] 
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| INSULATING OILS: 
A REVIEW OF RESEARCH WORK IN GREAT BRITAIN. 


By A. R. EVEREST, Member. 


(Paper presented to the International Conference on Large High-Tenston Electric Supply RSS, at Parts, 
June 16-26, 1925.) 


SUMMARY. 


The subject “ Results of Research on Insulating Oils '' 
having been placed on the agenda for the meeting in June 
1925 of the Paris Conference on Large High-Tension Electric 
Supply Systems, this paper was prepared as a contribution 
from the British delegation. 

The early experiences with oil as an insulating and cooling 
medium are first briefly reviewed, showing the recognition of 
the several essential characteristics. The paper then shows 
the fundamental attack which has been made upon the 
sludge problem in Great Britain, and outlines the organized 
research inaugurated by the Institution and continued by the 
Electrical Research Association. The results obtained are 
briefly reviewed. 

A Bibliography is attached, and certain Reports of the 
Electrical Research Association which have been published 
in the J.E.E. Journal were included as Appendices to the 
paper when presented to the Paris Conference. 


(1) EARLY EXPERIENCE. 


The use of insulating oil in transformers was com- 
menced nearly 40 years ago with the object of obtaining 
increased heat transfer from the sources of heat to the 
cooling surfaces, and also, in the case of transformers 
wound for higher voltages, to secure more effective 
insulation of the windings. 

The Frankfort-Lauffen pioneer transmission experi- 
ments in 1891 are said to have been carried out with 
30 000-volt oil-immersed transformers.  Oil-immersion 
of interrupting switches also was found advantageous, 
the length of break required thereby being materially 
reduced and the destructive voltage surges associated 
with the rupture of long arcs in air being avoided. 

At the commencement of the present century, oil- 
immersion for transformers and interrupting switches 
had become general practice. 

It is evident, therefore, that the fundamental require- 
ments are good insulating properties, the abilitv to 
transfer heat readily from its source to the cooling 
surfaces, and the ability to extinguish arcs. 

At first, a heavy vegetable oil known as rosin oil was 
frequently employed under the belief that its properties 
as an insulating medium were exceptionally good, the 
information available at that time indicating that its 
specific resistance was somewhat higher than that of 
other known oils. 

This rosin oil was a heavy, viscid oil, variously de- 
scribed as having a specific gravity of 0-9 to 1:1, and a 
flash-point of 109? to 146? C. 

Rosin oil proved unsuited for use in connection with 


interrupting switches, on account of the large amount of 
carbon liberated during the quenching of the arc, and 
mineral oils were found preferable for this purpose. 

As transformer designs progressed to much larger 
sizes, the need for better heat transfer by more free self- 
circulation became evident, particularly when the oil 
was not pumped through cooling tanks. Mineral 
(paraffin) oils, which could be obtained with lower 
viscosity, were therefore adopted in preference to rosin 
oil. 

With the introduction of these large oil-filled trans- 
formers, considerable anxiety existed for a time regarding 
the increased fire hazard in power stations due to the 
presence of such large quantities of inflammable material. 
These considerations led to the general demand for 
transformer oil having a burning point well in excess of 
the highest working temperature of the transformer, 
thus providing a margin against danger from an external 
source of heat, such as a fire in the building. 

The need for an oil having a flash-point sufficiently 
high to minimize risk of explosion of the oil vapours was 
evident; also it was desirable that the loss by evapora- 
tion should be kept at a reasonably low value. 

While the oil refiners showed themselves able to vary 
the characteristics of their products over a wide range, 
it was seen that, at least as regards oils from any parti- 
cular source, several of these characteristics were inter- 
dependent: designers were sometimes obliged to forgo 
the advantage of extreme fluidity in order to secure the 
characteristics desired in other directions. But, as 
pointed out by Skinner * in 1904, insistence on a very 
high flash-point could only be satisfied by an oil having 
a viscosity too great for effective heat transfer. 

In the early days, the insulating properties of different 
materials were studied, principally with respect to the 
rate of loss of electric charge through the material when 
employed as the dielectric of a condenser, or as measured 
by electroscope, and in this respect liquid insulations 
generally were found much inferior to air, waxes oF 
solids. On this account the true value of oil as an 
insulation was for some time in question, but in 1893 
Steinmetz f showed that electric strength and specific 
electrical resistance have no direct relation to each 
other, and that oil, although inferior to air in insulation 
resistance, is much superior in disruptive strength and 
dielectric hysteresis. Further, Prof. Elihu Thomson 1 had 
observed that, relative to air, oil has a much greater 
disruptive strength for high-frequency oscillations than 
for steadily applied alternating voltages. 


* See Bibliography (4). t Zbid., (2). $ Ibid., (7). 
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Experience showed that the mineral oils when suitable 
in other respects had satisfactory insulating properties 
also, provided due care was taken to avoid contamina- 
tion by water and other foreign matter. 

It was found that all the oils contained more or less 
moisture when shipped from the oil works. Various 
methods toremove this moisture were employed ; Tobey * 
has discussed these in detail. 

Since the modern development of the centrifugal oil 
purifier has made available an effective means for over- 
coming this defect, the earlier methods need not be 
further discussed, except perhaps to point out that the 
method of drying by blowing hot air through the oil, or 
heating the oil to excessive temperature in the presence 
of air, injures the oil by oxidation and causes sludge 
formation. 

Later, Dr. Hirobe f drew attention to the extreme 
importance of eliminating all particles of dust and other 
foreign matter in addition to moisture, suggesting that 
the loss of electric strength so frequently observed may 
be due to the presence of dust more than to moisture. 

There was at one time an impression that in the 
neighbourhood of its freezing point the insulating pro- 
perty of the oil was largely lost, although when further 
cooled to the solid state the property was known to be 
again satisfactory. This led to some misgiving, but 
in 1910 Tobey { showed that, at least for the particular 
oils examined, the electric strength around freezing 
point was not seriously below the value at ordinary 
temperatures. 


(2) RESEARCH IN GREAT BRITAIN. 


Experience with oil-immersed transformers, particu- 
larly as sizes and temperatures increased, showed that 
at times a sludge or deposit was developed in the oil, 
forming a coating upon the windings and upon the 
cooling surfaces which seriously interfered with the 
transfer of heat. The circulating ducts provided within 
the windings were obstructed by such sludge formation 
and the oil circulation was seriously impeded. 

For years the oil specialists maintained that this 
sludge was not a product of the oil itself, but arose from 
varnishes, resins, linseed oil, and other materials dis- 
solved out from the solid insulations of the transformer 
windings. 

. A great deal of study has been devoted to this subject 
in Great Britain. Digby and Mellis § referred to pre- 
sence of resinous matters causing restriction of the 
circulation, and to the associated changes in viscosity 
and other chemical and physical properties of the oil; 
they suggested molecular regroupings within the oil as 
the probable cause. 

In 1908 the Newcastle Electric Supply Co. arranged 
for the problem to be investigated simultaneously by the 
firm of petroleum specialists, Messrs. Alex. Duckham 
and Co., and by the Wallsend Laboratories under the 
direction of Dr. A. C. Michie, both of which made exten- 
sive researches. l 

In 1911 Symons || showed that sludging could occur 
without the presence of any materials other than the oil 
itself, under the influence of heat. This was confirmed 


* See Bibliography (8). f Ibid., (29), f Ibid., (8). 
§ Ibid., (10). il lbid., (11). 


by Duckham * in 1912, who in some cases had found 
deposits consisting entirely of hydrocarbon body with 
oxygen, and in other cases, compounds in which the 
oxygen was considerably in excess of what could be 
accounted for in the usual way. He showed that sludge 
occured when air was bubbled through the oil in the 
presence of heat, while it did not occur if air freed from 
oxygen was similarly employed. 

Michie,f in 1913, showed that when transformer oils 
are heated for prolonged periods in contact with air or 
oxygen, solid matter separates out in varying quantities, 
depending on the quality of the oil, the temperature and 
the duration of heating, and that these deposits are the 
result of oxidation of the oil by atmospheric oxygen and 
subsequent polymerization. 

The Research Committee of the Institution, during the 
presidency of the late Mr. W. Duddell, F.R.S., in 1913, 
laid down a carefully arranged Programme of Research 1 
into the whole problem, including :— 


The effect on sludge formation of : 


(a) Temperature. 
(b) The presence or absence of air, oxygen, ozone 
or inert gas. 
(c) The presence of high-tension windings. 
(d) Difference in viscosity, specific gravity and 
flash-point. 

The time required for evidence of sludge formation 
under various conditions. 

The extent to which such time could be reduced by 
laboratory tests at high temperatures. 

Development of a method of determining the rela- 
tive amounts of sludge produced in the laboratory 
test. 

Changes in physical constants accompanying the 
formation of sludge. 

Relative tendencies of different oils to absorb 
atmospheric moisture, and the development of a 
method of determining the moisture content. 

The relation of moisture content to electric strength. 

Methods of measuring electric strength. 

Investigation of thermal transference. 

Nature of the gases liberated by arcs under different 
oils. 

Production of carbon by arcs under different oils. 


The Institution invited a number of manufacturing 
firms and colleges to co-operate in the aims of the 
research, and, as an immediate result, a large amount of 
valuable and hitherto unpublished information became 
available. A review of this collected information by 
Mr. W. P. Digby was published in the Journal.§ 

Although seriously interfered with by war conditions, 
research work proceeded in several laboratories, and in 
1916 || the Research Committee of the Institution laid 
down the following list of characteristics which should 
be known in order to judge the suitability of an oil as 
a cooling, insulating medium :— 


(1) Tendency to sludge. 
(2) Loss by evaporation. 
(3) Flash-point. 


* See Bibliography (12). 
$ Ibid., (1 


Ibid., (13). Ibid., (14). 
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(4) Viscosity at different temperatures. 
(5) Chemical reactions. . 
(6) Density and coefficient of expansion. 
(7) Cold test (solidification). 
(8) Moisture absorption. 
(9) Electric strength. ° 

(10) Specific resistance. 

(11) Thermal transference. 

(12) Specific heat. 


A detailed method of test for each characteristic was 
specified, based upon the experience obtained in the 
co-operating laboratories, and arrangement was made for 
further investigation to determine 


(1) The extent to which consistent results could be 
obtained by independent observers, and 

(2) The extent to which the results of these tests 
would predict the behaviour of the oil under 
practical working conditions. 


In connection with the assistance offered by the 
Government in aid of Scientific and Industrial Research, 
the work was continued under an organization repre- 
senting the joint research interests of the Institution of 
Electrical Engineers and of the British Electrical and 
Allied Manufacturers’ Association. This new joint 
research organization was known as the Electrical 
Research Committee until 1920, when, after incorpora- 
tion, it became the British Electrical and Allied Indus- 
tries Research Association (briefly known as the Research 
Association). 

Work continued actively under the Research Associa- 
tion and the results of several years’ further study were 
reviewed in the form of an extensive analytical report 
which was published in the Journal.* 

In the Research Association, the work of its investi- 
gators is periodically reviewed in conjunction with all 
available information regarding work done and proposals 
originating abroad, while new investigations are arranged 
and existing work supplemented as may appear desirable 
to ensure that the problems are studied in all their 
aspects. In this connection, the work of the American 
Society for Testing Materials, the French, Italian, 
Belgian, Swiss, Swedish, and V.D.E. Specifications, as 
well as other contributions indicated in the Bibliography, 
may be particularly mentioned. 

Based on this experience, suitable modifications were 
made in the methods of test recommended, and the 
British Engineering Standards Association was requested 
in 1921 to prepare a British Standard Specification for 
Insulating Oils. 

For this purpose a broadly representative Committee 
was appointed, representing the interests of the oil 
suppliers, makers of transformers and switchgear, 
power stations, Government Departments, the Research 
Association and scientific societies. 

After careful discussion, British Standard Specification 
No. 148, '' Insulating Oils for use in Transformers, Oil 
Switches and Circuit Breakers,’’ was issued in 1923 as a 
tentative standard, to be reviewed after a year's trial use. 
This review has recently taken place, and certain modi- 


* See Bibliography (27). 


fications which appear desirable in the light of experience 
are proposed for the new edition. 

Test for tendency to sludge.—The several tests proposed 
in various countries for this purpose may be broadly 
divided into two classes, (1) '' life tests '' or '' durability 
tests " extending over several hundred hours and, in the 
case of good oils, sometimes requiring several weeks 
before the desired indications are obtained, and (2) 
“ accelerated tests," occupying not more than two or 
three days. 

The British Specification is framed on the belief that 
a test of the latter class is essential, the lengthy alterna- 
tive being impracticable for general commercial purposes 
(acceptance tests). 

The ''Michie test," * as employed in the principal 
laboratories in Great Britain for several years past, is the 
basis of the method provided, such modifications as the 
work of the Research Association has indicated to be 
desirable ¢ being embodied. 

As this subject is now being discussed by the In- 
ternational Electrotechnical Commission no further 
reference need be made here. 

Viscosity.—Reference has already been made to the 
need for low viscosity in transformer oil, and to the fact 
that, for a particular kind of oil, reduced viscosity can 
only be obtained at the expense of reduced flash-point. 
It is necessary to bear in mind that, particularly in self- 
circulating transformers, the circulation of the oil and 
the amount of heat transferred thereby depend on the 
difference in density between the hot and cold portions 
of the oil. To maintain this circulation it is therefore 
necessary that the oil shall be cooled before it again 
enters the duct. The viscosity of the oil at the lower 
temperature has a considerable influence upon the 
amount of circulation, since if the oil has great viscosity 
when cool, the necessary free circulation through the 
ducts cannot take place. 

This point has been overlooked by some investigators, 
who have considered the fluidity of the oil with reference 
only to its viscosity at the highest working temperature 
in the transformer. 

Flash-point.—When comparing the values of flash- 
point indicated in different specifications it is important 
to remember that the British Specification employs the 
closed flash-point, whereas the values in many other 
specifications refer to the open flash-point, which for any 
particular oil is usually 10 to 15 deg. C. higher. 

Electric strength.—Many investigators have employed 
needle-point electrodes for the measurement of electric 
strength of oil, and it has been claimed that more 
uniform results were obtained by this means than by 
the employment of sphere or disc electrodes. But an 
investigation by the present author,{ published by the 
Research Association, showed that needle-point elec- 
trodes are insensitive to the presence of the impurities 
which it is desired to detect, and that different oils, 
showing widely different electric strengths when tested 
between sphere or disc electrodes, show very little 
difference when tested between needle-points. The 
British Standard Specification employs 12-5 mm sphere 
electrodes. 

Non-inflammable insulating fluid.—Attempts have 

* See Bibliography (13) and (16). t Ibid., (27). t Ibid., (24). 
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been made to provide a non-inflammable or non-com- 
bustible liquid in place of oil. These efforts have been 
generally towards the production of a material in which 
the hydrogen of the hydrocarbon has been replaced by 
chlorine or similar substance. 

In 1916 Vogelsang * reviewed the attempts which had 
been made to employ carbon tetrachloride (benzinoform) 
and referred to a '' non-inflammable switch oil” which 
had been to some extent in use and was probably a 
mixture of benzinoform and oil. 

Dr. G. Stern,f in 1916, further reviewed the subject 
and referred to difficulties experienced due to corrosion 
of metal parts by the chlorine, the presence of free 
chlorine, and the considerable carbonization caused by 
the arc. 

Skinner,{ in 1920, also referred to the matter, sug- 
gesting that the chief drawback to the extended use of 
such material is the physiological effect of the vapour on 
operators. 

The matter does not appear to have been seriously 
investigated in Great Britain. 

In closing this review, reference may be made to 
certain special applications of insulating oils such as 
rheostat oil, requiring a very high flash-point, and oil 
for electrolytic arrestors, which must be free from 
tendency to emulsify with the electrolyte. 
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REPORT. 


The Council, at the Fifty-fifth Annual General 
Meeting of the Institution of Electrical Engineers, 
present to the members their Report for the year 
1926-27, covering approximately the period from the 
Ist April, 1926, to the 31st March, 1927. 

The Institution has, during the period under review, 
continued to progress and prosper, and the Council 
desire to express their grateful thanks to the many 
members who have so cordially assisted in reaching 
the present satisfactory state of the Institution’s affairs. 


(1) MEMBERSHIP OF THE INSTITUTION. 
The changes in the membership since the Ist April, 
1926, are shown in a table given in Appendix A. 
The following table shows the growth of membership 
for the last 10 years :— 


Year Membership Increase 
1918 6 667 + 54 
1919 7 023 + 356 
1920 8 146 + 1123 
1921 9 449 + 1303 
1922 10 275 + 826 
1923 10 911 + 636 
1924 11 415 + 504 
1925 11 743 + 328 
1926 12 142 + 399 
1927 12 647 + 505 


The net increase in membership is the satisfactory 
figure of 505, and it is a matter for congratulation that 
the 12 647 members of the Institution include no less than 
3625 Students, who willin time provide the largest 
recruiting ground for the class of Corporate Members. 


(2) EXAMINATIONS. 

The Associate Membership Examination was held in 
April and October, 1926, in London, Belfast, Birming- 
ham, Cardiff, Glasgow, Hull, Manchester, Newcastle- 
on-Tyne, Plymouth and Southampton, and also in the 
Azores, Ceylon, India, Malta, New Zealand, the Straits 
Settlements and South Africa. 

A number of candidates submitted during the year 
theses and papers in lieu of the Examination. 


(3) HONORARY MEMBERS. 

The Council have pleasure in recording that, as 
announced at the Ordinary Meeting on the 4th November, 
1926, they have elected Senatore Guglielmo Marconi, 
G.C.V.O., LL.D., D.Sc., to be an Honorary Member of 
the Institution. 
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(4) Mr. GEORGE OFFOR. 


The Council have conveyed to Mr. George Offor 
(Associate 1890-1910) the Institution's congratulations 
on his having attained his 100th birthday on the 30th 
March, 1927. 


(5) FARADAY MEDAL. 


The sixth award of the Faraday Medal has been made 
by the Council to Elihu Thomson, D.Sc., Honorary 
Member of the Institution. 


(6) MascaART MEDAL. 


In April, 1924, the Société Française des Electriciens 
founded a Medal of Honour, called the Mascart Medal, 
in memory of that eminent French scientist, to be 
awarded triennially to scientists or engineers distin- 
guished for their work in pure and applied electricity, 
whatever their nationality. 

The first award of the Medal was made in 1924 to 
Monsieur A. Blondel, Hon. M.I.E.E., and the second 
(1927) award has recently been made to Sir J. J. 
Thomson, O.M., M.A., F.R.S., Hon. M.I.E.E. 


(7) HoNouRS AND DISTINCTIONS CONFERRED ON 
MEMBERS. 
Knights Bachelor. 
Leslie, Lt.-Col. B., O.B.E. (Member). 
Roy, G. P. (Member). 
Watson, D. (Member). 
C.B.E. 
Cohen, Lt.-Col. J. W., C.M.G., D.S.O., T.D. (Asso- 
ciate). 
0.B.E. 
Mansbridge, G. F. (Member). 
Ram, G. S. (Member). 
M B.E. 
Henderson, H. W. 
Member). 
David Hughes Medal of the Royal Society. 
Jackson, Sir Henry B., Admiral of the Fleet, R.N., 
G.C.B., K.C.V.O., F.R.S. (Member). 
Comendador de la Real Orden de Isabel la Católica. 
Gill, F. (Member). 
Order of the Nile (Fourth Class). 
Longbottom, H. S. (Associate Member). 


W., Capt. R.E. (Associate 


(8) DEATHS. 


The Council regret to have to record the death of 
the following 62 members of the Institution during the 
year :— 

Members. 
McInnes, H. A. 
Mance, Sir Henry C., C.I.E., 


Albright, H. F. 
Bottomley, J. T. 


Bowden, H. W. LL.D. 
Cartwright, C. L. Nelson, W. M, 
Cormack, A. C. Nixon, F. A. 
Cottam, G. H. Parlett, G. B. 
Dixon, W. Pennington, W. 


Drummond, G. R. Salter, G. 
Eugene-Brown, E. Schuil, J. 
Holliday, H. Thow, J. H. 
Kemnal, Sir James H. R. Wallis, E. C. 
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Associate Members. 


Chick, J. H. Omand, J. A. 
Davies, C. E. Richmond, W. P. 
Dixon, A. O. St. J. Rider, A. 
Dymond, J. D. Roothaan, J. 
Everatt, W. C. Routledge, W. 
Fawcus, G. H. Rutter, G. H. 
Gill, R. Silcock, A. H. 
Greenwood, H. P. Sirett, A. W. 
Harding, W. R. Slader, E. 
Haworth, J. W. Spiers, F. S. 
Jones, J. C. Stewart, W. M. 
Kamm, L. Stiell, E. J. 
Kernick, H. W. Swithinbank, J. W. 
Lowndes, P. N. Thomson, Jun., A. 
Mallik, D. N. Watson, D. W. 
Menmuir, J. White, J. C. 
Yule, J. 

Associates. 

Oppenheimer, H. Pidgeon, R. 


Robinson, F. J. 


Graduates. 

Bygott, H. C. Glass, R. 
Students. 

Barry, F. C. N. Eckersall, W. A. 
Evans, M. 


(9) INSTITUTION BUILDING. 


During the year a large number of allied scientific 
societies have held meetings in the Building, and the 
Council understand that the facilities which the Insti- 
tution has thus placed at the disposal of these bodies 
have been of considerable assistance to them. 


(10) LECTURE THEATRE. 


At the Ordinary Meeting held on the 2nd December, 
1926, oil portraits of Faraday and Kelvin were formally 
installed in the Lecture Theatre, that of Faraday 
having been presented to the Institution by Mr. Sydney 
Evershed. The portraits are the work of Mr. George 
Harcourt, R.A. 

The Council have since accepted offers of portraits 
of Clerk Maxwell and of Wheatstone from Mr. Ll. B. 
Atkinson and Sir George Sutton, Bart., respectively. 

The hearty thanks of the Institution have been 
conveyed to these donors for their generosity. 


(11) Portrait oF Mr. Lr. B. ATKINSON, PAST- 
PRESIDENT. 


The Council have gratefully accepted an offer made 
by the Cable Makers’ Association of a portrait in oils 
of Mr. Ll. B. Atkinson. This portrait will be placed in 
the Council Chamber, where there are already oil 
paintings of former Presidents. 


(12) MEETINGS. 


During the past twelve months 358 meetings have 
been held in London and the Local Centres by the 
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members, the Council and the various Committees. A 
detailed statement is given in Appendix B. 

The Premiums awarded by the Council for papers 
will be announced * about the time of the Annual 
General Meeting. 


(13) Locar CENTRES AND SUB-CENTRES. 


The attendances and proceedings at the meetings of 
the Local Centres and Sub-Centres have well maintained 
the high standard of the past. 

The President attended annual dinners, meetings or 
other functions of Local Centres at Birmingham, 
Bristol, Glasgow, Leeds, Liverpool, Manchester and 
Newcastle, and of the East Midland, Sheffield and 
Tees-side Sub-Centres, and addressed the members on 
each occasion. 


(14) WIRELESS SECTION. 


Eight meetings have been held, at which six papers 
were read and there were two informal discussions. 

A Local Wireless Section, of which three meetings 
have been held, has been formed at the South Midland 
Centre (Birmingham). At the opening meeting of this 
Section, Professor C. L. Fortescue, O.B.E., M.A., Chair- 
man of the Wireless Section (London), delivered an 
address. 

Papers on wireless subjects have also been read and 
discussed at Manchester and Liverpool. 


(15) INFORMAL MEETINGS. 


Eleven meetings have been held during the session, 
the average attendance being 59 as against 65 last 
year. 

The Informal Meetings Committee cordially invite 
members to write to the Secretary indicating the sub- 
jects which they desire to hear discussed. Offers from 
members to open discussions will also be welcomed and 
carefully considered by the Committee. 

The idea underlying these meetings is to give members, 
juniors in particular, who may be unable to participate 
in the discussions at Ordinary Meetings, an opportunity 
of stating their views in an informal manner. In order 
to encourage diffident speakers, no publication of ver- 
batim reports of the proceedings, or correspondence in 
the Press on questions raised or opinions expressed, is 
allowed. A précis of the discussion, carefully edited 
by a member of the Committee, is forwarded to the 
technical Press by the Institution, and is the only report 
that is permitted to appear. 


(16) STUDENTS’ SECTIONS. 


There are at present 3 625 Students on the Register 
of the Institution, and the eight Students’ Sections, 
viz. at London, Birmingham, Glasgow, Leeds, Liverpool, 
Manchester, Newcastle and Sheffield, carried out a very 
full programme of meetings, visits to works and social 
functions. 

Addresses to the London Students’ Section were given 
by the President and Mr. E. H. Shaughnessy, O.B.E. 


* See page 649. 
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In August last a Summer Meeting of the London 
Students' Section was held in Belgium and Luxemburg. 
The party numbered about 30, and included members 
of the various Students' Sections in the provinces and 
Scotland in addition to London Students. The Meeting 
began on Saturday, the 31st July, and lasted a week. 

Among the places visited were the battleficld of 
Waterloo, the Bureau d'Etudes Industrielles, the 
Ateliers de Constructions Electriques de Charleroi, the 
Constructions Electriques de Belgique, Ghent, and 
the Centrale Electrique de Flandre power station, 
the works of the Bell Telephone Manufacturing Co. 
at Antwerp, the power station at Liége, a colliery at 
Werister and the Ougrée-Marihaye steel-works at 
Ougrée, the steel and iron-works of '' Aciéries Réunies 
de Burbach-Eich-Dudelange’’ at Eich, and Luxem- 
burg. 

The Council desire to express the thanks of the 
Institution for the hospitable welcome extended to the 
party on the occasion of the visits to works, etc. 

The meeting was highly successful, and thanks are 
due to Mr. A. J. Pescatore, Member, for his valuable 
assistance in arranging the visits, and also to the Hon. 
Secretary (Mr. S. H. Hart) and the Committee of the 
London Students' Section for organizing the Meeting. 


(17) FARADAY LECTURE. 


The Faraday Lecture this session was given by Pro- 
fessor W. M. Thornton, O.B.E., D.Sc., who took for his 
subject ‘‘ What is Electricity ?’’ The Lecture was de- 
livered at London, Birmingham, Bristol, Dublin, Glasgow, 
Leeds, Liverpool, Manchester and twice at Newcastle- 
on-Tyne. Thetotalattendance was approximately 6 000, 
and the presence of over 4 000 non-members indicates 
that the Lecture achieved the object in view, viz. the 
bringing of electricity to the attention of the public. 


(18) REVIEWS OF PROGRESS. 


Under the scheme approved by the Council in 1925 
for the publication in the Journal of periodical reviews 
of progress in electrical engineering, the following reviews 
have been published during 1926 and 1927 :— 


1926 (Volume 64). 


Electrical Standardization. 
Electro-Physics. 

Power Stations and their Equipment. 
Telegraphy and Telephony. 


1927 (Volume 65). 


Research. 

Electric Traction. 

Electrical Plant and Machinery, including Marine 
Applications. 

Electrical Standardization. 

Industrial, Agricultural and Domestic Applications, 
including Illumination and Tariffs. 

Radio-Telegraphy and Radio-Telephony. 

Transmission and Distribution. 
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For the purpose of the reviews the subject of electrical 
engineering was divided into 13 Sections, of which 10 
have now been dealt with, and arrangements are being 
made for reviews on the three remaining sections, as 
follows, to be published in 1928 together with further 
reviews on Research and Electrical Standardization :— 


Electricity in Mines. 

Electro-Chemistry and Electro-Metallurgy. 

Electrical Measuring Instruments and Sensitive 
Controling Apparatus. 


The object of these reviews is briefly to record recent 
advances and they are intended, not so much for the 
information of experts in the particular subject under 
review, as for the information of those members of the 
Institution who wish to follow the trend of progress in 
branches of electrical engineering other than their 
own. 

The Council will be glad if members will forward to 
the Secretary of the Institution any criticisms which 
they may wish to make on the present reviews, and also 
Suggestions as to the ground to be covered by those 
to be published in the future, more especially in regard 
to points of interest which come under their notice and 
on which they consider comment might usefully be made. 


(19) SCHOLARSHIPS. 


The following Scholarships have been awarded by the 
Council :— 


David Hughes Scholarships. 


(Value £50 each ; tenable for one year.) 


W. S. Milner (University of Sheffield). 
R. C. Mildner (University College, London). 


Salomons Scholarships. 
(Value £50 each ; tenable for one year.) 


H. H. Fairhurst (College of Technology, Manchester). 
G. W. Lanyon (King's College, London). 


War Thanksgiving Education and Research Fund 
(No. 1). 


The part of the Trust Deed of the War Thanksgiving 
Education and Research Fund which provided for the 
education and technical training of men who served 
overseas in H.M. Forces during the Great War has come 
to an end, as, owing to the efflux of time, there are no 
longer any students at universities and other educa- 
tional establishments who fulfil the condition of war 
service. 

The Deed provides, as an alternative, that the revenue 
of the Fund is to be devoted to the promotion and 
advancement of general electrical research. A scheme 
has therefore been prepared which will permit of grants 
being made each year to one or more post-graduate 
research students to assist them in carrying out approved 
researches of an electrical nature. The first of such 
grants will be made this year. 
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(20) INTERNATIONAL ELECTROTECHNICAL 
COMMISSION, 


The Council appointed last March Mr. C. P. Sparks, 
C.B.E., Lieut.-Colonel K. Edgcumbe, R.E. (T.A.), Mr. 
S. W. Melsom and the Secretary, as delegates of the 
Institution to attend the meeting of the International 
Electrotechnical Commission which was held in New 
York from the 13th to the 22nd April, 1926. The 
meeting was attended by 116 delegates, representing 17 
countries. 

The technical work of the Commission fell under the 
following headings :— 


Nomenclature. 

Rating of electrical machinery. 

Symbols. 

Prime movers, hydraulic and steam. 

Resistance of aluminium. 

Lamp caps and holders. 

Voltages for distribution systems and test voltages 
for apparatus. 

Traction motors. 

Insulating oils. 

Rules and Regulations for transmission lines. 


Definite decisions were reached in regard to the rating 
of electrical machinery (temperature-rises), the classi- 
fication of insulating materials, high-voltage tests of 
electrical machines, and other matters. Important 
work was also done by the Advisory Committees on 
Symbols, Prime Movers, Lamp Caps and Voltages. 

At the conclusion of the Meeting in New York, the 
majority of the delegates, as the guests of the American 
and Canadian National Committees, made a tour of the 
principal cities of the eastern United States and Canada, 
and the Council desire to put on record the warmest 
thanks of the Institution to the American and Canadian 
National Committees for the manner in which its dele- 
gates were received in these two countries. 


(21) ANNUAL CONVERSAZIONE. 


The Annual Conversazione was held at the Science 
Museum, South Kensington, London, on the 24th June, 
1926, when there was a record attendance of over 1 800 
members and guests. 


(22) ANNUAL DINNER. 


The Annual Dinner was held at the Hotel Cecil, 
London, on the 10th February, 1927, when the Institu- 
tion was honoured by the presence of H.R.H. the Prince 
of Wales as principal guest. There were presert 618 
members and guests, and the function was the largest 
of the kind held by the Institution. 

An account will be found in the Journal, 1927, vol. 65, 
p. 457. 

(23) SUMMER MEETING. 


A Summer Meeting was to have been held at the 
North-Eastern Centre in 1926 by invitation of the Com- 
mittee of that Centre, but on account of the General 
Strike it had to be postponed. Arrangements have now 
been made by the Local Committee for the meeting to 
be held there from the 14th to the 17th June, 1927. 
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(24) MODEL GENERAL CONDITIONS FOR CONTRACTS. 


The two sets of Conditions for Export Contracts Bl 
(Delivery F.O.B.) and B2 (including complete erection 
or supervision of erection) are, at the request of 
interested parties, under revision and the revising Com- 
mittee will in due course present a report to the Council. 


(25) LiBRARY. 


During the year 128 books and pamphlets were 
presented to the Reference Library by members and 
others, and 58 volumes have been purchased. The 
total number of readers for the year was 4 666, of whom 
139 were non-members, as against 3537 and 114 
respectively in 1924-1925. 

The circulation of books from the Lending Library 
has been well maintained. During the year 71 new 
volumes were added and 2401 books were issued to 
933 borrowers, the corresponding numbers for the 
previous year being 1 938 and 857 respectively. 

A new edition of the Lending Library Catalogue with 
a subject index is available, and copies will be forwarded 
to members on application to the Secretary. 


(20) GIFTS. 


The Council express their cordial thanks to the donors 
of the following gifts to the Institution :— 


Gift. 
Early telephone with horse- 
shoe magnet. 
Varley telephone. 
Piece of old telegraph cable 
known as the '' Bath cable.” 
Blake transmitter. 
A collection of obsolete lighting 


Donor. 
Mr. C. Crastin e 


Mr. A. McDouall 


Mr. H. H. McLeod .. 


apparatus. 
The Royal College of Engraved portrait of William 
Physicians Gilbert. 


Sir Duncan Watson Early type of Edison fuse. 


(27) JOURNAL. 


The net cost of printing and posting the ‘Journal in 
1926 was £4447, as compared with £4 166 in 1925. 
This increase was due partly to the greater size of the 
volume (1230 pages as compared with 1180 in the 
previous volume), and partly to the larger number of 
copies printed (12 800 as against 12 500). 


(28) GAS AND ELECTRICITY UNDERTAKINGS. 


It was stated in the last Annual Report that a Joint 
Committee had been set up by the Council of the 
Institution and the National Gas Council, with the 
following terms of reference: 


'* To consider whether in the national interest an 
Inquiry might advantageously be held into the 
possibility of closer co-operation between Gas and 
Electricity Undertakings in promoting capital and 
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fuel economy in the supply to the public of energy 
derived from coal "' 


with the understanding that no Reports or Discussions 
of the Committee are to be published without the consent 
of both Councils. 

Six meetings of the Joint Committee and of two 
Sub-Committees set up by it have been held. 

Among the first matters which have engaged the 
attention of the Committee are the utilization of waste 
heat in gasworks and the consequent release of solid 
fuel for other uses, and also the utilization of surplus 
coke or coke breeze from gasworks as fuel for steam- 
raising at electric power stations. 


(29) ‘‘ScIENCE ABSTRACTS.” 


The Physics volume of Science Abstracts for 1926 con- 
tained 896 pages of abstracts, as compared with 904 
pages in 1925. The Electrical Engineering volume 
contained 584 pages of abstracts, as compared with 616 
pages in the previous year. 

Mr. H. G. Solomon has been appointed to the Institu- 
tion staff and is charged with the editorial duties of 
Science Abstracts in succession to the late Mr. W. R. 
Cooper. 


(30) NATIONAL CERTIFICATES AND DIPLOMAS IN 
ELECTRICAL ENGINEERING. 


For the final examinations of the year 1926 the Joint 
Standing Committee representing the Board of Education 
and the Institution examined at various schools and 
colleges students from 58 approved courses for the award 
of Ordinary Certificates in Electrical Engineering, 
23 courses for Higher Certificates (including 1 Post- 
Higher Certificate Course), 4 courses for Ordinary 
Diplomas and 1 course for Higher Diplomas. 

The final examinations were held during the summer 
of 1926 and the number of Certificates and Diplomas 
awarded was as follows :— 


245 Ordinary Certificates. 
116 Higher Certificates 
Certificates). 
8 Ordinary Diplomas. 
6 Higher Diplomas. 


(including 4  Post-Higher 


(31) REGULATIONS FOR THE ELECTRICAL EQUIPMENT 
OF BUILDINGS. 


A further list of urgent amendments to the Eighth 
Edition of the Wiring Regulations was approved by 
the Council last September for publication in the form of 
an Alterations Leaflet. In addition, a number of altera- 
tions have been agreed upon by the Wiring Regulations 
Committee as a result of the comments and suggestions 
which have been received since the Eighth Edition 
was published, and it has therefore been considered 
advisable to issue immediately a revised edition (Ninth) 
containing all the alterations referred to above. The 
numbering of the clauses in the Eighth Edition has 
been retained as far as possible and only essential correc- 
tions have been made. The Committee propose, 
however, to proceed at once with a more comprehensive 
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revision with a view to improving the arrangement and 
simplifying the wording of the Regulations. 


(32) STANDARDIZATION OF VOLTAGES. 


The Council set up during the session a committee 
consisting of representatives of the Institution and of 
bodies closely associated with electricity supply, with 
the following terms of reference : 


." A standard lamp voltage of 230 having been 
adopted by the B.E.S.A. for both A.C. and D.C. 
systems after prolonged consultation with all the 
interests affected, and having been approved by 
the Electricity Commissioners, the Committee is 
instructed to consider and report to the Council on 


(a) the practicability and cost of raising or lowering 
to 230 the declared lighting voltage on the 
general supply networks of all systems in 
Great Britain which at present have a 
declared voltage below or above 230 re- 
spectively ; : 

(b) the ways in which the Electricity Commissioners 
may be able to assist voltage standardization ; 

(c) any other matters affecting the general question 
of the standardization of voltage on low- 
voltage distribution systems. 


(33) ELECTRICITY REGULATIONS. 


At the suggestion of the Electricity in Agriculture 
Committee the Council called together a ‘‘ Low-Tension 
Overhead Lines Conference," consisting of the members 
of the ‘‘ Electricity in Agriculture "' and the ‘‘ Electricity 
(Supply) Regulations " Committees of the Institution 
and the I.M.E.A. Committee on Low-Tension Overhead 
Lines, with a view to examining some suggested modifica- 
tions to the existing Regulations of the Electricity 
Commissioners and of the Post Office which affect low- 
tension overhead lines. An interim report has been 
made to the Council, but several matters still remain 
to be dealt with. 


(34) SUBSCRIPTIONS OF RETIRED MEMBERS. 


The Council have from time to time occasion to con- 
sider applications from members who having retired 
from the profession are still desirous of retaining their 
membership of the Institution, and in this connection 
they have adopted the following Rule :— 


" Any Corporate Member who has reached the 
age of 65 and has retired from the practice of his 
profession or business, may apply to the Council 
to remit or reduce his future annual subscriptions, 
provided that his membership of the Institution 
has been continuous for at least 25 years. If his 
request be granted, he may, nevertheless, be 
required to pay, at a rate to be determined by the 
Council from time to time, for such publications 
of the Institution as he may wish to receive.” 


(35) BENEVOLENT FUND. 


The Committee of Management of the Benevolent 
Fund of the Institution report that on the 31st December, 
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1926, the Capital Account of the Fund stood at 
£12 003 5s. 3d., and the accumulated income at £882 6s. 
The donations and subscriptions to the Fund in 1926 
amounted to £1 484 3s. 10d. 

In the course of 1926 87 grants were made to 32 
persons, amounting to a total of £1497 18s. 4d. The 
following table summarizes the operations of the Fund 
during the last 10 years :— 


Year irren sag | made during | Noten 
£ £ 
1917 194 - 198 11 
1918 259 230 10 
1919 537 291 12 
1920 821 341 11 
616 
1921 809 (Hughman 525 14 
collection) 
632 
1922 1 768 (Hughman 776 16 
collection) 
1923 637 1 034 21 
1924 1 152 1 323 26 
1925 1 241 1 199 30 
1926 1 484 1 498 32 


(36) ANNUAL ACCOUNTS. 


Excess of Income over Expenditure.—After making 
provision for contingencies, there is a balance to the 
good on the Revenue Account for 1926 of £3881 14s. 7d. 
This amount, which has been carried to the credit of the 
General Fund, compares with £1196 8s. lld. in 1925. 


Mortgage.— 
£ s. d. 
In the Accounts for 1925 this stood at 12 593 16 2 
Amount of repayments during the year 1175 14 2 
The amount now stands at £11418 2 O0 


A ssets.—Taking the Tothill Street property and the 
investments at cost, and the Institution Building and 
lease, the library and furniture, etc., at the values 
standing in the books after writing off depreciation— 


£ s. d. 
152906 65 7 
7298 19 11 


the Assets amount to 
against Liabilities 
leaving a surplus of 145607 5 8 
which, in comparison with that of the 


year 1925, viz. 137 328 12 2 
shows an improvement of £8 278 13 6 


The surplus of £145 607 5s. 8d. referred to above is 
made up as follows :— 
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Assets. 
Institution Building and £ adi 8 s d 
Tothill Street Property 02289 3 11 
Less Mortgage .. 11418 2 0 


80871 1 11 

Investments, Cash, etc. 63820 11 9 
Stock of Paper, Libraries 

and Furniture : 8208 11 11 


£152 906 65 7 
Less Liabilities. 


Trust Fund Income 


Accounts .. 571 5 6 
Sundry Creditors 3866 15 0 
Repairs Suspense Ac- 

count as 2508 6 2 
Subscriptions received 

in advance .. 352 13 3 


7 298 19 11 


£145607 5 8 


Invesiments.—The investments made during the year 
were as follows :— 


£2 500 6 per cent War Stock (1929— 


47), cost ats T £2542 9 9 

£5 000 Treasury Bill, due 20th January, 
1927, cost .. . 4940 15 4 
£7483 5 1 


(37) THE INSTITUTION AND BODIES ON WHICH IT IS 
REPRESENTED. 


Appendix C shows in diagrammatic form the organi- 
zation of the Institution and the bodies on which it is 
represented. 

APPENDIX A. 
MEMBERSHIP OF THE INSTITUTION. 


The changes in the membership since Ist April, 1926, 
are shown in the following table :— 


Hon. Assoc, 
Mem. Mem. Mem, Grad. Studt. Assoc, TOTAL 
Totals at 
l April, 1926 11 1896 4716 1610 3586 323 12 142 
Additions during 
the year :— 
Elected Pa 1 10 104 184 775 l 1 075 
Reinstated.. .. 5 17 3 18 43 
Transferred 
to Wa, cds 68 220 247 sar cc 535 
Total os 1 83 341 434 793 1 1 653 
nnd [e] 
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Assoc, 
Deductions during Mem. Mein. Grad, Studt. Assoc. TOTAL 
the year :— 
Deceased .. a. 21 33 2 3 3 62 
Resigned .. .. 16 23 2] 72 5 137 
Lapsed ES. WA 7 51 48 305 3 414 
Transferred 
from a esed iu 68 02 374 1 535 
— 44 175 163 754 12 1 148 
Net Increase T aes bs v v .. 605 
Totals at 
l April, 1927 12 1 935 4882 1 881 3 625 312 12 647 


APPENDIX B. 
MEETINGS, 


Thes following is a list of the meetings held during 
the past twelve months :— 


Ordinary Meetings .. 16 | Committees (cont.) :— 


Annual General Meeting 1 Electricity in  Agri- 
Annual General Meeting culturo .. 3 
(Benevolent Fund) .. 1 Electricity (Supply) 
Wireless Section Meet- Regulations , 2 
ings .. .. .. .. 8 Examinations 6 
Informal Meetings  .. l Finance (and Sub- 
Council Meetings S tri Committee) .. 9 


General Purposes (and 
Sub-Committee) .. Il 


Local Centres :— 
Irish .. sia m 6 


Mersey and North Informal Meetings .. 
Wales (Liverpool).. 10 Membership .. se 9 
North-Eastern .. l4 Papers (and  Sub- 
North Midland E Committec) . M 
North-Western .. ]0 Patent Law .. s ol 
Scottish m .. 8 Paul Scholarship .. 1 
South Midland TEL HNH “ Science Abstracts” 5 
Western 2A .. 10 Technical Committees : 
Local Sub-Centres :— (Electro - Chemistry 
Dundce ; 7 and Electro- 
East Midland - 8 Metallurgy, 
Shefheld 7 "Instruments," 
Toes-side ig T “M i n è s” 
Students’ Sections :— “ Power Stations,” 
London ; 9 '"TIelegraphs and 
South Midland. 9 Telephones") .. 6 
North Midland 8 Voltage Standardiza- 
Liverpool 9 tion l 
North-Western 9 Wireless Section (and 
North-Eastern 11 Sub-Committee) .. 16 
Scottish a 7 Wiring Regulations 
Shefficld Y 7 (and Sub-Commit- 
Committees :— tees) T 
Benevolent Fund 5 Other Committees a, 19 
E to Water ; Total .. E EL 
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APPENDIX C. 


THE INSTITUTION OF ELECTRICAL ENGINEERS. 


[wh T Grn a a 4 E34 
! 2 ! COUNCIL. z e £ E E E F 
e "0 ~~ = t oad [77] 
| 32] E> ë E $ Y i 
E & 2 Sga o I2 8 — 3 B g & pyg 
tz g & a b ~ O]aa S g r- e a a F- gua 
E 2 z à Sea È t t rs 3$ ġe 
g 8 g s g a o d o o o 3 3 z ] 
= 28 S "I <65 zB Z Z Z B 
i Am a ee Aa ——— 0 —À et mnes at, e 
AEN : — P3 Plage Y guf t6 1 
g 3 $ E £5 aau%s sd VHS GH & & § 
5 AH $ $30 zca 9 "6$ FH S FB EE 
ba o "3 Hl Os 
6 z = = sopua = 23 = ga 2 Ld 
ope $52. Bg. 2. i 
n Oh $ hv Eoo EM ER "os uv 
Bad Coun sues SH Ag 53^ * 
4— t + + è + 4— t 4+ è + 
| 
COMMITTEES. COMMITTEES. BODIES ON WHICH THE INSTITUTION IS 
(Standing.) (Special.) REPRESENTED: 
Benevolent Fund Earthing to Water Mains Alloys of Iron Research (Royal Society) 
Ten "M : Bradford Public Libraries Committee 
EreminaMons POE ACY in Agriculture Bristol University 
Finance Electricity (Supply) Regulations British Cast Iron Research Association 


General Purposes 


Informal Meetings Patent Law 

Library Supply Pressures 

Local Centres Voltage Standardization 
Membership 

Papers 


Paul Scholarship 
“ Science Abstracts ” 
Ship Electrical Equipment 
Wireless Section 
Wiring Regulations 
Electrical Measuring Instruments and 


Sensitive Controlling Apparatus 
Electrical Plant and Machinery, in- 


cluding Marine Applications 
Electricity in Mines 
Electro - Chemistry and Electro- 
Metallurgy 


Industrial, Agricultural and Domestic 
Applications, including Illumination | 
and Tariffs 

Power Stations and their Equipment 

Telegraphs and Telephones 

Traction 

Transmission and Distribution 


Technical Committees. 


(Continued from foot of col. 3.) 


Union of Lancashire and Cheshire Institutes, Panel 
for Engineering 

Women’s Electrical Association 

Women's Engineering Society 


Model General Conditions 


British Electrical and Allied Industries Research 
Association 

British Electrical Development Association 

British Engineering Standards Association 

British National Committee of the International 
Electrotechnical Commission 

British National Illumination Committee of the Inter- 
national Illumination Commission 

Corrosion Research Committee of Institute of Metals 

Electric Vehicle Committee of Great Britain 

Engineering Joint Council 

Gas and Electricity Joint Committee 

Imperial College of Science and Technology, Govern- 
ing Body 

Imperial Mineral Resources Bureau Conference 

Institution of Civil Engineers, Engine and Boiler Test- 
ing Committee 

Institution of Heating and Ventilating Engineers, 
Committee on Utilization of Exhaust Steam and 
Waste Heat 

International Electrotechnical Commission 

International Scientific Unions 

Leeds Municipal Technical Library Committee 

Loughborough Technical College Advisory Committee 

Metalliferous Mining (Cornwall) School, Governing 
Body 

Middlesbrough Technical College, Governing Body 

National Committee for Physics (Royal Society) 

National Committee on Radio Telegraphy (Royal 
Society) 

National Physical Laboratory, General Board 

National Register of Electrical Installation 
tractors 

Professional Classes Aid Council 

Royal Engineer Board 

Royal Sanitary Institute Congress, 1927 

Smoke Abatement League of Great Britain 

Standing Joint Committee for National Certificates 
and Diplomas in Electrical Engineering 


(Continued at foot of col. 1.) 
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SALOMONS SCHOLARSHIP TRUST FUND. 
ir. 


Er 
£ s.d. £ s d 
To Amount (as per last Account) ... m .. 2,155 I4 IO By Investments (at cost) :— 
$1,528 Ss. id. New South Wales 5% Stock 
(1935-55) ... — ss T j . 1,585 1 4 
£500 Cape of Good Hope 34% Stock (1929-49) 570 13 6 
£2,155 14 IO £2,155 I4 10 
IIUEIG uz mih 
SALOMONS SCHOLARSHIP TRUST FUND (Income). 
Dr Cr. 
£ s. d. £ sa 
To Amount paid to Scholars in 1926 T .. 100 0 O By Balance (as per last Account) ... wea — 62 6 10 
» Balance carried to Balance Sheet *  ... su 55 6 3 » Dividends received in 1926 . ; 92 19 5 
£155 6 3 £155 6 3 
DAVID HUGHES SCHOLARSHIP TRUST FUND. 
Rr. €t. 
£ s. d. £ sd 
To Amount (as per last Account) ... sha .. 2,000 0 O By Investment (at cost) :— 
$2,045 Metropolitan Water Board (Staines 
Reservoirs) 3% Guaranteed Debenture Stock 
(1922 or after) aa 1,998 15 0 
» Balance carried to Balance Sheet * ... nx I 5 0 
£2,000 0 o $2,000 0 0 
DAVID HUGHES SCHOLARSHIP TRUST FUND (Income). 
Br. (t. 
ILS £s d. sd 
To Amount paid to Scholars in 1926 bs sia 62 10 O By Balance (as per last Account) ... pes Th 43 0 8 
» Balance carried to Balance Sheet *  ... ose 41 13 2 » Dividends received in 1926 ose - m 61 2 0 
| » Interest do. do. T is es o o 6 
£104 3 2 | fie4 3 2 
Nd eons OR ELE nS c, 
PAUL SCHOLARSHIP FUND. 
Dr. Cr. 
£ s.d. £ sd 
To Amount (as per last Account) ... s .. 500 0 O By Investment (at cost) :— 


£625 4% Funding Loan (1960-90) va .. $000 0 


£500 O O 4500 0 0 


DL r eed T eer) Se ee oo = gcns t i arean 


PAUL SCHOLARSHIP FUND (Income). 


Xr. €r. 
s. d. £ sd 
To Amount paid to Scholars in 1926 N ads 25 0 O0 By Balance (as per last Account)... is des 75 0 0 
, Balance carried to Balance Sheet * ins i 75 0 o » Dividends received in 1926 23 0 0 
£100 O O £100 0 0 
i = Pao PES 


* Included in the total of £571 ss. 6d. shown on the Liabilities side of the Balance Sheet. 
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WILDE BENEVOLENT TRUST FUND. 


Rr. Cr. 
£ s. d. £ s. d. 
To Amount (as per last Account)... — 2. 2,949 6 7 By Investments (at cost) :— 
$1,308 London and North Eastern Railway 495 
First Guaranteed Stock.. ae we 1,744 3 II 
£100 London County 3 " Consolidated Stock 
(1929 or after) ... a .. lor 8 6 
£250 New South Wales 4% Stock RET 251 6 Oo 
$100 34% War Stock (1925-28) ... “ee as 94 8 8 
£100 5% War Stock (1929-47)  ... dvs i 95 © o 
£381 15s. 1d. 4% Funding Loan (1960-90) ... 300 O o 
$200 5% National War Bonds (1928) ... .. 211 II O 
£200 34% Conversion Stock (1961 or after) ... 151 8 6 
£2,949 6 7 £2,949 6 7 
prr SY eo 


eÁ — —— ee —— — — - ——MM À——À——— we 
MM —— M a M 


WILDE BENEVOLENT TRUST FUND (Income). 


Br. | Cr. 
£ s. d. £ s. d. 
To Grant made in 1926 ssi sé ja aes 50 o o | By Balance (as per last Account) ... iod s^ TII IS [42 
» Balance carried to Balance Sheet *  ... ux LY I I ! » Dividends received in 1926 sss ue .. 106 4 o 
» Interest do. do. sis kis Kis 418 6 
£223 I I | £223 I I 
ea en ee a aE 


WAR THANKSGIVING EDUCATION AND RESEARCH FUND (No. 1). 


Ar. €r. 
£ sd £ sd 
To Amount (as per last Account) Js ss .. 1700 0 O By Investment (at cost) :— 
$2,000 5% War Stock (1929-47)... m . 1,700 O O 
$1,700 O o 41700 0 o 
Sa peram ac 


WAR THANKSGIVING EDUCATION AND RESEARCH FUND (No. 1) (Income). 


Br. , Cr. 
£ s. d. £ * d 
To Grants made in 1926 ues " n hs 50 0 o By Balance (as per last Account) ... as . 175 0 0 
, Balance carried to Balance Sheet : ids z 225 0 0 » Dividends received in 1926 do vs -.. 100 O O 
$2750 O £275 0 O 


* Included in the total of £571 58. 6d, shown on the Liabilities side of the Balance Sheet. 
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COURSEY AND ANDREWES: BATTERY ELIMINATORS. 


BATTERY ELIMINATORS, OR APPLIANCES FOR THE OPERATION OF 
RADIO RECEIVING APPARATUS BY ENERGY DERIVED FROM 


ELECTRIC SUPPLY MAINS. 


By Puirip R. Coursey, B.Sc., Member, and H. ANDREWES, B.Sc., Graduate. 


(Paper first received 14th February, and in final form 9th March, 1927; read before the WIRELESS SECTION 6th April, 1927.) 


SUMMARY. 


The paper describes the essential features of the apparatus 
required for the supply of electrical energy of suitable voltage 
for the operation of radio receiving apparatus, by the utiliza- 
tion of public electric supply systems. The common features, 
and the differences between apparatus for d.c. and for a.c. 
supplies, are pointed out, and the leading features of the 
design of the filtering system are given. Experimental 
investigation of the electrical properties both of the filter 
circuits and of the complete supply appliances is described. 

Descriptive names are proposed for these devices, and 
suggestions are made with regard to the proper rating of 
these appliances in terms of their output. The need for 
such rating is emphasized, together with the difficulties of 
properly expressing all the factors involved. 

Rectifying arrangements are described for use on a.c. 
circuits, and the paper concludes with a consideration of 
the precautions necessary in the use of apparatus of this type. 


(1) INTRODUCTION. 


The modern radio receiver utilizing thermionic valves 
has to be energized from three distinct electrical sources. 
These are usually referred to as :— 


(1) High tension (H.T.), 
(2) Low tension (L.T.), and 
(3) Grid bias. 


s 

For all these three a sensibly steady d.c. supply is 
essential, and the difference between them lies mainly 
in the voltage and in the current that they must deliver. 
For the first the voltage usually lies between 45 and 
160 volts, and a few milliamperes only are generally 
required. Voltages lower than 45 are sometimes needed, 
while more than 150 volts is called for by some receiving 
sets, such higher voltages being in fact very desirable 
in many cases, but only used as a rule when suitable 
supply appliances, other than dry batteries, are avail- 
able. For the second, 2, 4 or 6 volts with a current not 
exceeding 14 to 2 amperes usually suffices; and for 
the third a voltage up to about 20 volts, and an almost 
infinitesimal current. 

For these three sources dry cells, wet primary batteries 
or accumulators are admirably suited and are habitually 
employed, but the frequent replenishing and recharging 
of them have given rise to dissatisfaction and created 
a demand for apparatus which will replace them and 
provide equivalent voltages and currents derived from 
the public electric supply mains. 

In most radio receivers, by-pass condensers of large 


capacity are connected across the H.T. and grid-bias 
supply terminals. As an additional precaution against 
their being absent or of too small value, similar con- 
densers are usually also fitted into the supply appliances 
discussed in this paper. They provide a means of 
reducing the accidental or unavoidable coupling between 
various stages of a multi-valve radio receiver. The 
possibility of a higher internal impedance in these 
appliances renders the presence of these by-pass con- 
densers all the more necessary for stable operation. 


(2) SCOPE OF THE PAPER. 


It is the main purpose of this paper to discuss the 
essential requirements of this class of apparatus, to 
consider the main features of its design and application, 
and to show the type of results that are obtainable by 
its use and in what directions further advances are 
required, A great deal of radio apparatus, both that 
used by the general public for broadcast reception and 
frequently also that used for transmission purposes, has 
in the past suffered from a lack of anything in the 
nature of real “engineering” design. Where this 
receiving apparatus is used with local batteries of small 
capacity the quality of the insulation and other design 
factors are of less importance from the electrical point 
of view, but with the use of apparatus to feed the 
receiving set from the supply mains these features 
become of much greater importance. The amount of 
energy from the supply which can be fed into a fault 
or short-circuit might give rise to trouble if adequate 
precautions are not taken. The more extended use of 
appliances to give these supplies to the radio receiver 
may therefore in time reflect also on the design of the 
receiving set itself from the point of view of insulation 
and general quality of construction, and also to some 
extent may ultimately affect the electrical design itself 
by reason of the higher voltages thereby made available 
for general use, without undue operating or maintenance 
expense, 


(3) RADIO SUPPLY APPLIANCES. 


These pieces of apparatus used to supply radio 
receiving sets are very commonly termed '' battery 
eliminators,’’ but since some types of apparatus which 
properly belong to this class still make use of batteries 
or accumulators, as will be shown later, this term 
scarcely seems suitable. For this reason they will be 
referred to herein as ‘‘ Radio Supply Appliances," with 
the idea that this term is of broader application than 
the other. A more suitable and general term that 
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could be generally accepted would, however, be 
desirable. 

It is most convenient to consider supply appliances 
for each of the three uses set out above, before dealing 
with comprehensive apparatus designed to provide two 
or all of them. 

It should be particularly noted that these three 
sources of voltage necessarily have a common connec- 
tion to the valve filaments. This introduces a compli- 
cation which must not be overlooked when considering 
the application of radio supply appliances, since these 
necessarily have a further common connection in the 
electric supply mains (see Fig. 1). This diagram repre- 
sents the theoretical arrangement rather than a possible 
actual one, and two at least of these appliances are 
commonly combined into one unit, or alternatively 


Fic. 1.—Theoretical arrangement of radio supply appliances. 


batteries or accumulators are retained for one of the 
supplies. These details will appear more fully later in 
the paper. | 


(4) GENERAL PRINCIPLES. 


The general principles underlying the operation of 
the so-called '' battery eliminators," and descriptions 
of some commercial apparatus for H.T. supply to radio 
receiving apparatus, are on the whole well known, and 
have been discussed on many occasions in articles in 
the technical Press. In the present paper, therefore, 
only a brief summary of these principles will be given, 
together with such description as is necessary to the 
development of the paper. Detailed descriptions of 
commercial apparatus will not be given, and in order 
to avoid undesirable comparisons between the various 
types of such apparatus the names of the manufacturers 
will not be given in connection with the accounts of 
experimental tests of such apparatus. 

The precise arrangement of apparatus necessary to 
provide an H.T. supply to a radio receiver depends in 
the first place upon whether the electric supply system 
from which the radio supply is to be derived is direct 
current or alternating current. In the latter case some 
form of rectification must first be provided. The 
current which can be drawn directly from even the 
best d.c. supply circuit is much too irregular to 
serve as a supply to a radio receiver—in fact the 
best that can be said of most d.c. supplies.is that 
they are unidirectional. The irregularities arise from 
commutator ripple due to the generators and motors 
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connected to the system, and to sparking at the 
commutators of such machines and at switches, etc. 
The function of the H.T. supply appliance is to filter 
and smooth out such irregularities and to deliver to 
the radio set an energy supply at the required voltage, 
which shall be free from any appreciable ripple that 
would cause '' hum " or other noises in the telephones 
or loud-speaker attached to the receiving apparatus. 


(5) H.T. SuPPLY APPLIANCES. 

The first essential element of the H.T. appliance is a 
filter to perform the smoothing action, and this must be 
combined with a potentiometer or some equivalent 
device for subdividing the applied voltage into two or 


Fic. 2.—Simple filter circuit for H.T. supply appliance. 


more parts. For the a.c. supply circuits, some rectifying 
device must also be added. The essential elements of 
an H.T. supply appliance, suitable for use on a d.c. 
supply circuit, are sketched in Fig. 2. It comprises 
two input terminals T,, T$ across which is usually, 
shunted a pair of condensers C,, C, between which 
a choke coil L, is connected. This combination acts as 
a filter to suppress currents of the higher frequencies 
and to allow the lower frequencies and zero frequency 
(direct current) to pass through. The first condenser 
C, by-passes a proportion of the ripple frequencies, 
since the reactance of the condenser falls for increasing 
frequencies. The choke L, offers to these ripples an im- 
pedance which increases with the frequency, thus allow- 
ing only the lower frequencies to pass through to the 


F1c. 3.—Double filter circuit for H.T. supply appliance. 


second condenser C,. This offers a further selective 
action similar to the first condenser C,. The general 
form of this filter is of the well-known “ low-pass ” type. 

Frequently a further filtering stage consisting of an 
additional choke coil L, and condenser C; (Fig. 3) is 
added to improve the filtering efficiency. 


(6) ADJUSTMENT OF OuTPUT VOLTAGE. 


The full voltage across the last or output condenser 
C, (Figs. 2 and 3) is obtained from the terminals A and 
D to which the radio set may be connected. With a 
200-240 volt supply at least 200 volts is usually avail- 
able at these output terminals, the difference being the 
voltage-drop due to the resistance of the choke coil or 
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coils, L} and Le. Most radio" apparatus, however, 
requires one or more lower voltages in addition to the 
ful output voltage. These may be obtained by a 
potentiometer arrangement connected across the output 
terminals A, D, such as is indicated by the resistance 
R in Figs. 2 and 3, with the two (or more) tapping 
points connected to the terminals B and C. It is usual, 
and desirable, to connect additional condensers—of at 
least 1l uF capacity—across these additional voltage 
tapping points, as shown at C, and C. These con- 
densers provide a certain measure of additional smoothing 
action, but more important is their action in preventing 
excessive coupling between valves when more than one 
valve stage is operated from any one tapping point. 
If the condensers were omitted the varying anode 
currents drawn by each valve of the radio receiver 
would be forced to travel through a portion at least of 
the resistance R, producing across its terminals a 
voltage-drop of the same frequency, which would in 
consequence be communicated to the remaining valves 
: in the receiver. Low-frequency oscillations, or “ howl- 
ing " of the receiver, would then be very liable to occur. 
The low impedance offered by the by-pass condensers 
C, and C, to the passage of alternating currents effects 


| 
| 
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| 


| C, 


R,Z 


Fic. 4.—Alternative arrangement of multiple H.T. voltages. 


a considerable diminution of the voltages available for 
producing such feed-back effects. 

It is for this reason also that the capacity of the 
output condenser Co must likewise be large. A minimum 
capacity of 2 uF is customarily used, but larger values 
are desirable. This point is further mentioned in 
e Sections (8) and (10). 

In lieu of the potentiometer arrangement for tapping 
the output voltage, a very frequently used arrangement 
omits the portion of the potentiometer between the 
tapping point and the h.t. negative terminal D, so that 
merely a series resistance is used between the H.T. 
positive terminal A and the load applied to the tapping 
terminals B and C. This modification is shown in 
Fig. 4, in which these series resistances are indicated 
at R, R, one being connected in series with each 
tapping point B and C. Two by-pass condensers C, 
and C, are shown connected in the same way as in 
Figs. 2 and 3. This arrangement is simpler than the 
potentiometer one, and has the additional advantage 
of somewhat reducing the coupling between different 
valves in the radio receiver, since the total H.T. current 
drawn by the -valves is subdivided through different 
resistances. This results, however, in a somewhat 
greater voltage variation of the tapping points B and 
C with changes in the load current drawn by the valves. 

If a potentiometer arrangement is used, on the lines 
of Figs. 2 and 3, the total resistance of R needs to be 
high or it will draw too large a current through the 
filter. Normally the resistance of the chokes L, and L, 
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is much in excess of 1000 ohms, in order to obtain a 
large inductance in a small space and at a reasonable 
cost, so that only a few milliamperes can be drawn 
through the filter without causing excessive voltage- 
drop. For this reason also the method of Fig. 4 is 
advantageous as it makes a smaller demand upon the 
filter. Convenient values for the resistances of R, and 
R, are generally found to be between 10000 and 
100 000 ohms, depending upon the voltage and the 
current desired at each of the tapping points. A small 
demand for current will obviously require the use of a 
higher resistance, and any considerable change made in 
the output requirements will necessarily involve a change 
being made in the resistance value, unless a considerable 
change in operating voltage is also permissible. 


(7) H.T. FILTER. 


The theoretical mathematical treatment of filter 
circuits of various types has been dealt with elsewhere,* 
and is outside the scope of the present paper. The 
authors feel, however, that a few features of such filters 
deserve special consideration as regards their particular 
application to the appliances under discussion. They 
feel, too, that a certain measure of experimental investi- 
gation regarding the properties of such filters is of value 
not only in connection with a general consideration of 
their properties as required in this paper, but also as a 
part of the necessary tests which should be applied by 
manufacturers of apparatus of this type. The nature 
of some of these tests is described below. 

Strictly speaking, the electrical constants of the filter 
circuit may be different, depending upon whether the 
current input to it is derived directly from a d.c. supply 
circuit or is obtained by rectifying an a.c. supply. In 
the former case the capacity of the input condenser is 
less important than in the latter, since the rectification 
of an a.c. supply necessarily also involves the storage 
of the rectified impulses during a part at least of each 
cycle of the supply alternations. 

With a rectifier, the percentage ripple remaining 
superimposed on the resulting unidirectional voltage 
depends upon the output (load) and on the capacity 
of the storage or smoothing condenser. The larger the 
condenser the smaller is the ripple voltage.t Hence the 
filter used with a rectifier should have a reasonably 
large input capacity. 

When, however, a d.c. supply circuit is used to feed 
the filter, the amplitude of the ripple voltage on the 
system is determined by the generators, etc., on the 
system. These are usually of large power capacity, so 
that the amplitude of the ripple voltage is not very 
much (if at all) affected by connecting a condenser 
across the circuit. Experiments with filters on d.c. 
circuits confirm this view in general, since it is usually 
found that the presence or absence of a condenser in 
front of the first choke in the filter makes practically 
no difference in the results obtained. 


Examination of commercial types of “battery 


* K. W. WAGNER : Archiv für Elektrotechnik, 1915, vol. 3, p. 314, and 1919, 
vol. 8, p. 61; also Zeitschrift für technische Physik, 1921, vol. 2, p. 297. F. S. 
DELLENBAUGH: Q.S.T., 1923, vol. 6, p. 15, and 1923, vol. 7, p. 18. A. C, 
BARTLETT: Journal I.E.E., 1927, vol. 65, p. 373. 

C. L. Fortescue: Proceedings of the Physical Society of London, 1919, 


vol. 31, p. 319. L. B. W. JorrEev: ‘‘ Alternating Current Rectification '' 
(Chapman & Hall, Ltd.), chap. x. 
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eliminators " shows that in some cases advantage has 
been taken of this fact in the manufacture of the d.c. 
apparatus, by eliminating the first condenser from the 
circuit, but that in some cases, probably from the point 
of view of simplicity or uniformity in manufacture, the 
same arrangement of filter condensers is used for both 
d.c. and a.c. circuits. 

As a general rule the simple filter shown in Fig. 2, 
containing a single choke coil L,, with an output con- 
denser C,, and with or without an input condenser C, 
(as desired), meets most requirements. Individual 
design, however, differs very markedly in the details 
of the choke coil and in the capacity of the condensers. 


(8) DESIGN OF H.T. FILTER. 


It may be said that there are, in the main, three 
important electrical factors affecting the design of the 


Fic. 5.—Circuit used to investigate the effect of load 
resistance on H.T. filter. 


filter, apart altogether from economic considerations. 
In this, as in most other apparatus, the commercial 
design is to a greater or less extent a compromise 
between the considerations of electrical efficiency and 
of cost. These three factors are :— 


(1) The internal resistance of the choke windings as 
affecting the '' regulation ” of the apparatus on 
load (using the term '' regulation ” in the sense 
in which it is customarily applied to electrical 
machinery). 


Ratio z)/v; 


0 25 90 75 100 125 
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(2) The resonance or '' pass’’ frequency of the filter 
as controlled by the inductance of the choke 
and the capacity of the condensers, and as 
affecting its efficiency in removing ''hum"' 
from the supply. ; 

(3) The output impedance of the filter at audio fre- 
quencies, as controlled mainly by the capacity 
of the output condenser of the filter, and as 
affecting the load which may be drawn from 
the filter by a valve radio receiver without 
producing oscillation between the stages of the 
receiver. 


Improvement of the desirable qualities of all three 
factors invariably increases the cost of the apparatus. 

As regards its effect in suppressing ripple frequencies 
from the supply circuit, the simple, single z filter of 
Fig. 2 may be regarded as a resonant circuit, consisting 
of an inductance in series with a condenser, the input 
being applied across the two in series, and the output 
being taken from across the condenser terminals. This 
series resonant circuit is damped by the resistance of 
the load circuit (radio receiver) which is connected 
across the condenser terminals (see Fig. 5). This 
resonant circuit is independent of the completely closed 
circuit consisting of the coil L, and the condensers 
C, and C, in series (Fig. 2). This has been confirmed 
experimentally by plotting the characteristics of such 
a filter when subjected to applied alternating potentials 
of various frequencies. The characteristic curve of the 
filter was, under these conditions, found to be totally 
unaffected by the capacity of the input condenser C}. 
A typical curve of this type, taken on the components 
of a filter as used in an H.T. supply appliance, is repro- 
duced in Fig. 6. 

The output capacity of the filter does, however, affect 
the characteristic, as it alters the '' resonant ” or “‘ pass "' 
frequency (see Fig. 7). Similarly, the resistance of the 


] 150 175 
.Frequency, in cycles per sec. 


Fic. 6.—A.C. characteristic of a single filter circuit. 
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choke coil modifies the shape of the curve (see Fig. 8), 
as also does the shunt resistance of the load circuit 
(see Fig. 9). 


Ratio v/v; 


Frequency, in cycles per sec. 
Fic. 7.—Effect of output capacity on a.c. characteristic. 


0-6 


Frequency, in cycles per sec., 
Fic. 8.—Effect of resistance of choke coil on a.c. characteristic. 


A similar series of curves on a range of filters of the 
general type under discussion, but provided with choke 


coils of various inductances, is plotted in Fig. 10. These 
coils had also different resistances, and hence the 
maximum ordinates of these curves are different also, 
but they serve to show the general character of the 
effect. 

In all these curves the ordinates plotted are the ratio 
of the output voltage v, to the input voltage v; (Fig. 5). 
These therefore express the effectiveness of the filter 
to reduce the amplitude of an applied ripple voltage of 
various frequencies. 

The effectiveness of a filter to reduce the output of 
ripple voltage—i.e. to reduce the '' hum" in the con- 
nected radio receiver—therefore depends upon the 
values of the choke coil and of the output condenser. 


Ratio w/v; 
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Fic. 9.—Effect of load resistance on a.c. characteristic. 


Both of these should be as large as possible, consistent 
with reasonable cost of the complete appliance, but at 
the same time the resistance of the choke coil should 
not be unduly increased to obtain a very high inductance, 
or the output of the filter will thereby be impaired. 
Increasing the condenser capacity is therefore of more 
value than increasing the choke inductance, especially 
as it also reduces the a.c. impedance of the output 
circuit. It would appear desirable that the resonant 
frequency of these two components should be as low as 
possible, and in any case, if the filter is to be used with 
an a.c. rectifier, this frequency must be below 50 cycles 
per sec. In order that the filter shall be reasonably 
efficient at this frequency, its resonant or ''pass"'' 
frequency should apparently not exceed 26 cycles per sec. 

The general form of the curves shows that for the 
higher frequencies of 50 cycles and over, particularly 
for the larger inductance values, the use of the filter 
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gives a considerable reduction in the output of the 
alternating component. A further reduction in these 
components is obtained by the use of a second filter 
circuit, of the form sketched in Fig. 3. A group of 
characteristic curves for such an arrangement is repro- 
duced in Fig. 11. 

It may be noted that some of these curves show a 
subsidiary ‘“‘hump’”’ which might have a serious effect 
on the efficiency of the filter, particularly if such a 
“hump” should occur near 50 or 100 cycles. The 
possibility of such occurrences emphasizes the desirability 
of plotting out the frequency characteristics of any filter 
that it is proposed to use in an H.T. supply appliance. 


(9) PERMISSIBLE RIPPLE VOLTAGES. 


The magnitude of the a.c. ripple in the output circuit 
of an H.T. supply appliance which is permissible without 
serious effect upon the quality of the sounds emitted 


Ratio z;/r; 


Frequency, in cycles per sec. 
Fic. 10.—Effect of choke-coil inductance. 


by the telephones or loud-speaker attached to the radio 
receiver, necessarily depends upon the design of the 
receiver itself. Experiments made in this connection 


show that usually the greatest source of disturbance in | 


the receiver is the detector valve. With a given ripple 
voltage in the H.T. supply to the receiver the intensity 


of the hum heard in head-phones used with a single | 


detector valve appears to be very much the same as 
when one or two low-frequency amplifying stages are 
added and a loud-speaker is used. Over the usual 
acoustic range of frequencies it appears possible to state 
that approximately equal disturbance is produced by 
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a given ripple voltage, whatever its frequency may be. 
Such a statement is necessarily very approximate on 
account of the great difficulties inherent to tests made 
by ear. The result is also affected by the sensitivity 
of the telephone or loud-speaker at different frequencies, 
and by the linearity or otherwise of the output of the 
amplifier with varying frequency. The above statement 
is therefore likely to be less true with transformer- 
coupled than with resistance-capacity-coupled amplifying 
stages. 

Although it is obviously desirable to reduce the 


Ratio zr,/r; 


60 


40 
Frequency,incycles per sec. 


Fic. 11.—Group of a.c. characteristics for various arrange- 
ments of double filter circuit, taken with varying elec- 
trical constants—capacities and choke-coil inductances. 


These curves show that a double filter circuit may easily give worse results 
than a single filter using the same components, if their disposition is not pro- 
perly chosen (cf. Fig. 7, in which the same choke coils were used). 


I 

magnitude of the ripple voltage in the output circuit 
of the supply appliance as much as possible, it appears 
that quite satisfactory results may usually be expected 
if the ripple voltage is of the order of 0-1 volt in the 
H.T. circuit. Even with comparatively weak signals 
0:2 volt of ripple is not particularly noticeable, except 
during silent periods of the transmission. With loud 
signals 0:25 to 0-4 volt does not appreciably mar the 
reception, although the hum Decomes quite noticeable 
during “‘ silent ” periods. 

Many listeners to broadcast who use some forms of 
supply appliance probably tolerate even 1 volt of ripple, 
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although this amount appears to the authors to be 
excessive and unwarranted in the majority of cases, 
since it could be improved by better design of the 
appliance. 


(10) RATING oF H.T. SuPPLY APPLIANCES. 


At the present time there appears to be no definite 
method of rating these appliances so as to express their 
output. Merely to state that a certain appliance pro- 
vides particular output voltages for the radio set gives 
no indication whatever of the magnitude of the output 
current which can be obtained from it. 

It is suggested that the time is quite ripe for the 
formulation of some definite scheme for rating these 
devices. The three electrical characteristics set out in 
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(4) The audio-frequency impedance of the output 
circuit of the appliance measured at some 
stated frequency, e.g. 500 cycles per sec. 


The first three quantities above are interrelated and 
depend upon the resistance of the choke coil or coils, 
and also, in the case of appliances operating on a.c. 
circuits, upon the internal impedance of the rectifying 
valve used to feed the filter circuits. Some idea of the 
extent of the variation of these quantities for a number 
of commercial appliances of this type may be obtained 
from Table 1, in which are tabulated measurements 
made on a number of representative instruments. 

In the curves forming Fig. 12 are plotted the output 
characteristics of a number of H.T. supply appliances 
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Fic. 12.—Group of output characteristics taken on a number of commercial H.T. supply appliances. 


Section (8) of this paper might possibly be used as a 
basis for such rating. Unfortunately it scarcely seems 
feasible to define the performance of these appliances 
by a single numerical rating figure, but it appears 
to the authors that possibly two or three of the following 
characteristics might suffice for the purpose. 


(1) The percentage regulation of the output voltage 
at a stated output current, e.g. 1 mA. 


This quantity 
_ 100 x voltage-drop at 1 mA output 
- i Initial voltage at zero output 
(2) The internal impedance of the appliance expressed 
in ohms. 
: ] 000 x voltage-drop 
Thi tity = ——————————————— 
d aci. Load current, in mA 


(3) The useful output, expressed in mA for a fixed 
permitted voltage-drop, say, 334 per cent from 
the initial voltage. 


which are represented by the coefficients set out in the 
above-mentioned table. The very varying slopes of 
these curves cannot but serve to emphasize the wide 
variety in designs which are met with, and perhaps to 
show also that finality in the design of these appliances 
cannot yet be said to have been reached. 


(11) MEASUREMENT OF OUTPUT CHARACTERISTICS. 


A word may be said as to the measurement of the 
output characteristics of these appliances. The curves 
in Fig. 12 show that as the output of some of these 
filters is very limited, the use of any ordinary type of 
voltmeter is quite inadmissible. Very fictitious readings 
of the output voltage would be obtained when, as is 
frequently the case, the voltmeter, if of the usual moving- 
iron or moving-coil types, takes several milliamperes 
at its full-scale-reading. A suitable instrument to use 
for these measurements may be constructed from a 
microammeter or galvanometer connected in series with 
a resistance of at least 1 megohm. A Cambridge 
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“ Unipivot ” galvanometer having a scale graduated 
from 0 to 120A is very convenient when used with a 
series resistance of 2 megohms, as it then enables d.c. 
voltages up to 240 volts to be read with considerable 
accuracy. As the maximum current drawn by this 
meter is only just over 0-1 mA, its effect on the output 
of the appliance is generally negligible. In some cases, 
however, a correction must be introduced to allow for 
the voltmeter current, before the true characteristic can 
be plotted. 

A voltmeter arranged in this manner also enables a 


TABLE 1. 


Measured Output Coefficients of Various Commercial 
H.T. Supply Appliances. 


flective Audio- 
Regulation for Internal output for cy 
toFig.12 | load of 1 mA impedance voltage-drop of 
of 333 per cent | output circuit 
per cent ohms mA ohms 
A 8-69 19 000 4:0 160 
B 30-6 50 000 1-0 160 
C 9-65 16 000 3-6 s 
D 1-98 4 107 16-2 320 
E 3°4 6 000 9-6 — 
F 5-4 6 500 15-8 — 
G 2-07 4 375 14-0 160 
H 35°79 68 000 0-9 320 
J 19-8 100 000 2:0 160 
K 1:25 2 667 25-2 318 
Ls 9-5 8 200 3-2 205 
M 1-7 5 700 19:3 160 
N 6:4 7 800 5:3 — 
O 0-27 670 121-0 170 
P 1:4 5 000 49-0 170 
Q 26-7 100 000 1:3 490 
R 1:1 2 500 34-0 47-5 
S 1:8 6 800 23-0 41-5 
T 16:7 60 000 1-9 145 
U 27-0 80 000 1:2 152 
V 3:1 13 000 16-0 85 


NoTE.—The audio-frequency impedances tabulated 
in the last column are values corresponding to 
a frequency of 500 cycles per sec. 


reasonably true measure to be obtained of the operating 
voltage of these appliances when they are used in con- 
Junction with a radio receiver under working conditions. 


(12) Grip-Bias SUPPLY. 


In general terms, the theoretical arrangement of grid- 
bias supply sketched in Fig. 1 is impracticable'of execu- 
tion. With an a.c. supply the method is possible 
(provided that double-wound transformers are used in 
each unit so as to provide complete insulation of the 
output voltages from the supply circuit), but it necessi- 
tates considerable expense which, as a rule, is scarcely 
justified. With a d.c. supply circuit it is not possible 
in this form. 
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A more useful arrangement is to provide the grid-bias 
supply from the H.T. supply appliance itself. This may 
be done by the insertion of a resistance in series with 
the negative return lead to the appliance, so that the 
negative terminal of the supply circuit is more negative 
than the valve filaments of the radio receiver. A 
portion of the voltage-drop along the resistance R 
(Fig. 13) can then be used for grid bias, in much the 
same way as this method has been employed in certain 
radio receivers and amplifiers to provide the necessary 
grid bias automatically. 

The resistance should be shunted by additional by- 
pass condensers as shown in the diagram. Only one 
valve, V, forming part of the radio receiver is shown 
in the diagram. Additional grid-bias voltages for other 
stages in the receiver can be provided, if required, by 
additional tapping points on the resistance R. 

The disadvantage of the method is that, since this 
resistance R is in series with the common H.T. supply 
circuit, it provides a certain measure of unwanted 


Fic. 13.—Arrangement for providing grid-bias voltages from 
an H.T. supply appliance. 


coupling between the various stages of the radio receiver. 
If the by-pass condensers shunting this resistance are 
too small in capacity there is serious risk of the estab- 
lishment of '' howling" in the receiver by reason of this 
inter-stage coupling. These by-pass condensers are 
preferably given a capacity of at least 1 pF each. 

It is interesting to note that a very similar arrange- 
ment to the above has been proposed as part of an 
H.T. supply arrangement so as to provide a means of 
eliminating the disturbances due to ripples in the 
supply voltage without the use of filter chokes and 
condensers.* The idea in this case is to inject into the 
grid circuit of the valve a proportion of the total avail- 
able voltage from the supply circuit such that the 
ratio of anode circuit to grid circuit voltages equals the 
amplification factor of the valve. Any fluctuation of 
the H.T. voltage will then be automatically compensated 
by the injection into the grid circuit of an opposing 
voltage of appropriate amount to maintain constancy 
of anode current. 


(13) H.T. RECTIFIER ARRANGEMENTS. 


The unilateral conductivity of the thermionic valve 
in one or other of its many forms is customarily utilized 
as a rectifying means to supply the filter of an H.T. 
supply appliance with unidirectional current when such 


* G. M. WRiGuT : British Patent 261110, filed August 15th, 1925. 
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appliances are required to operate on a.c. supply circuits. 
Any of the more usual types of “ receiving valves" 
customarily sold for use in radio receivers may be em- 
ployed for this purpose, preferably by connecting the grid 
and anode together so as to lower the impedance of the 
valve. Even so, however, the impedance is rather high, 
and is sufficient to account for the limited outputs and 
poor regulation of some of the eliminators or supply 
appliances of which the output characteristics are 
reproduced in Fig. 12. 

A number of special valves are, however, now marketed 
for this particular purpose. They are usually designed 
with filaments having a copious emission so as to have 
a low internal impedance to enable them to be used on 
low-voltage circuits (200—220 volts) and to pass appreci- 


Volts 


Fic. 14.—Some typical emission characteristics of special 
rectifying valves designed for use in H.T. supply appliances. 


able fractions of an ampere through the filter circuit if 
required, without causing an excessive drop in voltage. 

A group of emission characteristics of some of these 
special rectifying valves are plotted in Fig. 14. Some 
are designed for single-wave and others for double-wave 
rectification in the single bulb. For the latter type, 
either two anodes co-operating with a single filament 
may be used, or alternatively two filaments insulated 
from each other and co-operating with a single anode 
may be employed. In Fig. 14 two sets of emission 
characteristics are plotted, those marked la, 2a and 3a 
being the curves for double-wave rectifiers when only 
one half is in use (as for single-wave rectification), and 
these are therefore comparable with curve 4, which 
corresponds to a single-wave rectifier valve. Curves 1b, 
2b and 3b show the total emission characteristics of the 
corresponding valves when both halves are in use. 

One or two special valves are now also available in 
which rectification takes place by means of a species 


of glow discharge in a rarefied gas. One at least of 
these functions without any heated cathode. Such an 
arrangement represents a considerable saving in the 
energy required to operate the complete appliance. 

Some typical rectification characteristics, including a 
representative of the above-mentioned special types of 
valve (Curve 5), in addition to those for which the 
emission characteristics are given in Fig. 14, are plotted 
in Fig. 15. These curves represent the output of uni- 
directional current which can be obtained from them, 
and the fall in voltage occasioned by increase in the 
d.c. load current. 

It may be noted from these curves that the internal 
resistance of. these valves varies considerably, not only 


Milliamperes 


Fic. 15.—Group of rectification characteristics of special 
rectifying valves designed for use in H.T. supply appliances. 


Curve 4 relates to a single-wave rec valve and is consequently plotted at 
half the total voltage applied for the other curves. All curves were taken 
th a smoothing condenser of 8 uF capacity connected across the d.c. load. 


as between one valve and another but also in the same 
valve with different load conditions, the latter being - 
particularly noticeable in the case of Curve 5 in Fig. 15. 
It is desirable that the internal resistance should be low, 
not only in order to improve the regulation and output 
of the supply appliance but also to reduce the percentage 
ripple in the output. It is desirable also that the total 
emission should, in general, be not less than about 
100mA. The energy required to heat the filament 
should be kept down to the minimum in order to 
reduce as much as possible the size and cost of the 
transformers necessary to provide the filament current. 


(14) L.T. SUPPLY APPLIANCES. 


When the available electric supply system is direct 
current, the provision of an L.T. supply to the radio 
receiver is comparatively simple, but is far from econo- 
mical, since the total current required for the L.T. circuit, 
which is utilized in the receiver at 4 to 6 volts, must be 
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paid for at the supply-circuit voltage. This may be as 
much as 240 to 250 volts, in which case the efficiency 
of the arrangement cannot exceed about 24 per cent, 
while the remaining 974 per cent of the energy taken 
from the mains must be wasted as heat in the series 
resistance. 

A simple series resistance, while providing the neces- 
sary current for heating the valve filaments of the radio 
receiver, will produce disturbances in the receiver in 
much the same way as would the H.T. supply unless a 
suitable filter is used. In any case the series resistance 
must be connected to the positive pole of the supply 
circuit, irrespective of whether or not this is the “ live "' 
side of the supply. If this is not done, it becomes 
impossible to obtain the H.T. supply from the same 
mains circuit. 

A filter circuit on similar lines to the H.T. filter would 
be possible for L.T. supply, but it would be both bulky 
and costly, on account of the large current-carrying 
* capacity required for the choke coils, which must be of 
large inductance, and also on account of the very large 
capacities required for the condensers. The condenser 
capacities must be large, not only on account of the 
larger currents which are required as compared with 
the H.T.supply appliances, but also because the operating 
voltage of these condensers is also much lower. Several 
attempts have, however, been made to construct filters 
of this type using large-capacity electrolytic condensers 
to provide the smoothing means.* These condensers 
in their usual forms have, however, attendant disadvan- 
tages which render their use less convenient than the 
ordinary dry static condenser.f 

The extending use of the newer types of receiving 
valves with their smaller demands for filament heating 
current, however, simplifies the provision of L.T. supply 
in this manner, chiefly by reason of the diminution in 
the size of the choke coils which thereby becomes 
possible, unless a large number of receiving valves need 
to be operated. In such cases it is possible to connect 
all the filaments of the receiving valves in series, so that 
the supply appliance need only then deliver the filament 
current of one valve. This method, however, precludes 
the possibility of using the L.T. supply appliance with 
any existing receiving set, without altering its internal 
connections. The method is consequently undesirable 
for general use. 

Resistances may also be used in a filter circuit of 
similar general form to that used with H.T. supply 
appliances, the resistances replacing the condensers. 
In Fig. 16 three arrangements of filtering circuit suitable 
for L.T. supply are shown. Fig. 16 (c) represents the 
filter with large condensers as mentioned above, while 
Fig. 16 (a) is the equivalent arrangement with shunting 
resistances. 

Probably the most useful filtering arrangement for 
L.T. supply is provided by a floating battery connected 
across the L.T. circuit, as represented by Fig. 16 (5). 
This arrangement is really an adaptation of the shunting 
resistances, since the batteries merely provide a very 
low-resistance shunt through which the ripple currents 

* H. P. SEALE: American Radio Journal, 1927, vol. 5, p. 10; also Radio 
News, 1927, vol. 8, p. 793. 


P. R. CounsEv: “ Electrical Condensers” (Pitman and Sons, Ltd.), 
chap. xv, p. 377. 


can flow, while the back e.m.f. of the battery prevents 
unnecessary wastage of energy from the supply circuit. 

Fig. 16 shows double-stage filtration, but a single 
stage only can be used if desired, with obviously less 
effective results. An appropriate series resistance in 
the supply circuit must be added with a d.c. circuit so 
as to drop the excess voltage, while with a.c. supplies 
rectification can be effected at low voltage using a step- 
down transformer. Even a single floating battery with 
a simple series resistance provides reasonablv effective 
filtration in most cases, and suffices for the operation 
of radio receivers containing several valves, but the 
addition of a second floating battery and a series choke 
provides a means of reducing the small ripple voltage 
that remains. The series resistance should preferably 
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Fic. 16.—Three arrangements of filter for L.T. supply appli- 
ances, using double filtering stages. 


be given such a value that there is a slight balance of 
current in the direction to charge the battery. The 
arrangement using floating batteries, however, has the 
disadvantage that battcries are still employed in it, 
with their attendant disadvantages as regards main- 
tenance. Methods of L. T. supply which are true battery 
eliminators are more desirable if they can be produced 
to give equivalent results. 


(15) L.T. SUPPLY RECTIFIERS. 


To provide L.T. supply when the primary source is an 
a.c. circuit, a rectifier must be added just as in the case 
of the H.T. supply appliances. The types of rectifying 
valves used for H.T. supply are, however, in most cases 
unsuitable for providing sufficient current for the L.T. 
supply. Generally the only available rectifiers are the 
electrolytic, the gas discharge tubes, or the solid chemical 
rectifiers, which can provide a current of 1 ampere or 
over. The electrolytic rectifiers are liable to be '' messy ” 
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as compared with the valves, but can more easily provide 
a larger current if required. 

A really effective, efficient and economical type of 
L.T. supply appliance * that can also correctly be 
described as a true “ battery eliminator ” has yet to be 
devised, with the result that the more usually adopted 
arrangement, particularly for a.c. circuits, is a type of 
“trickle charger." These arrangements make use of 
a 4- or 6-volt accumulator to operate the radio receiver, 
which is charged automatically from the supply mains 
at a low rate whenever the radio set is not in use. The 
charging may be direct through a resistance when the 
supply is direct current, or through a small rectifying 
valve or similar device with a.c. circuits. A full con- 
sideration of these devices is, however, beyond the scope 
of the present paper. 

The disadvantage of the ''trickle charge " method 
is that either the battery must be overcharged under 
normal conditions, or else it may not last sufficiently 
long should it be required in operation for a longer 
period than usual. Whether or not this becomes serious 
wil depend to a great extent upon the ampere-hour 
capacity of the battery. Another method of utilizing 
batteries for this purpose in conjunction with automatic 
charging is to employ two batteries, which may be of 
small size, combined with an automatic switching device 
so that one battery is under charge while the other is 
being discharged through the radio set, the switch 
interchanging the connections of the two batteries at 
stated intervals. A continuous L.T. supply is thus 
available for any desired period. The arrangement is 
capable of being used on both d.c. and a.c. supply, pro- 
vided of course that in the latter case a suitable rectifier 
is also fitted. A small additional advantage of this 
method is that there is no direct electrical connection 
between the L.T. output and the supply mains while the 
radio receiver is in operation. 


(16) SUBSTITUTES FOR L.T. SUPPLY APPLIANCES. 


Apart from the usual batteries, it is becoming possible 
to dispense with L.T. supply appliances and yet still 
make use of the supply mains for heating the cathodes 
of the receiving valves. New valves have recently been 
developed in which the heating of the cathode is effected 
by means of an internal heating element designed to 
operate directly upon the high-voltage supply mains, 
or at a low voltage provided from a transformer if the 
supply is alternating current. The cathode in such 
cases is in the form of a tube inside which the heating 
element is mounted. The ripple or “ hum " due to the 
irregularities of the supply mains (or their alternations 
if alternating current) is thereby eliminated to a great 
extent, and it only remains to provide the H.T. (and grid 
bias) supply from the mains, to complete the operation 
of the radio receiver. 

The general principle of this arrangement was patented 
some years ago,{ but has only recently been developed 
into commercially marketed constructions. 


* F. M. Roeper: Q.S.T., 1926, vol. 10, p. 28. 

+ See, for example, W. E. HorLAND: Proceedings of the Institute of Radio 
Engineers, 1926, vol. 14, p. 345. 

t H. f. Rounp anc MancoNi's WinEgLzSs TzrEcnAPB Co. Lrp., British Patent 
6476/1915, filed May 29th, 1914. 


(17) MISCELLANEOUS APPLIANCES. 


Brief mention may be made here of two other solutions 
of the problem of energy supply to radio apparatus, 
which differ markedly from the arrangements so far 
dealt with. While meeting the requirements to some 
extent, however, they have certain disadvantages and 
difficulties which have prevented their adoption on any 
wide scale. 

The first of these entails the use of a specially designed 
and constructed generator which can be driven by any 
convenient motive power, or electrically from a low- 
voltage accumulator. The generator is provided with 
smoothing means to reduce the ripple voltage as much 
as possible. If independenf means are available for 
driving such a machine it can be used to provide both 
H.T. and L.T. supplies to the radio set, but in such cases 
as it must be driven by a low-voltage accumulator it 
obviously should supply the high tension only. 

The second makes use of thermo-electrically generated 
voltages for the required supplies, the energy being 
obtained from any convenient heat source. Many pro- 
posals have been made in this direction, but the method 
has not been practically utilized to any appreciable 
extent. 


(18) PRECAUTIONS NECESSARY IN THE USE OF RADIO 
SUPPLY APPLIANCES. 


With many of the commonly used arrangements for 
H.T. and/or L.T. supply dealt with in this paper there is 
a direct electrical connection between the radio apparatus 
and the electric supply mains. Certain precautions must 
therefore be taken in the use of such appliances so as to 
avoid risk of shock or dangerous short-circuits. 

The authors consider that many of the scares that 
have been raised with regard to the danger of shock are 
to a great extent exaggerated, since most radio apparatus 
in use to-day employs from 100 volts upwards in its 
operation. In many cases, too, the dry cells or accumu- 
lators used for these supplies can deliver, at least for 
short periods, currents much in excess of those which 
it is possible to obtain through many H.T. supply 
appliances (see Fig. 13). The danger due to burns, or 
perhaps fire, may be more serious than that due to 
shock, chiefly because the supply of energy is maintained 
from the mains, whereas dry batteries or accumulators 
would soon be discharged under heavy-load con- 
ditions. 

The main risk of serious short-circuit arises from the 
fact that most supply circuits are earthed at some point 
of the system, while an earth connection is also needed 
by many radio receivers. The insertion of a suitable 
insulated condenser into the normal earth connection 
of the radio receiver will not interfere with its normal 
radio operation, but will obviate any risk of short- 
circuit from the supply mains. This condenser can 
either be a separate unit or may be incorporated into 
the H.T. supply appliance itself, as desired. With this 
addition, and provided that properly insulated wire is 
used for all connections of the appliances and of the 
radio apparatus connected thereto, the shock, short- 
circuit or fire risks attendant upon the use of these 
appliances should be negligible, subject to reasonable 
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care in use, such as should be bestowed upon other 
domestic appliances connected to the supply mains. 
The circuit to which they are connected should of 
course be properly fused to guard against ordinary 
insulation failure in the appliance itself. 

It may also be noted that the condensers used in the 
filter circuits of these appliances, as well as the above- 
mentioned earthing condenser, should comply with the 
newly issued British Engineering Standards Specification 
(No. 271-1926) for such condensers when the circuit 
voltage is in the neighbourhood of 200 volts. The 
earthing condenser should preferably be of the 600-volt 
class referred to in that specification, in order to provide 
an adequate factor of safety, since the safety of the 
whole apparatus may depend upon it in many cases.* 
Where the appliances are used on a.c. circuits, the use 
of double-wound transformers in the rectifiers should 
provide adequate protection against short-circuits from 
the supply mains, provided that the insulation of such 
transformers is of reasonable quality. 

Where the appliances themselves are enclosed in 
metal containers, these should be properly earthed in 
order to avoid risk of shock in the event of a failure of 
insulation in the appliance. 

It is understood that the Wiring Rules Committee of 


* Regarding the electrical losses in these condensers, see R. E. MARBURY: 
Electric Journal, 1325, vol. 22, p. 351. 


this Institution have under consideration a regulation 
dealing with these matters. 


(19) CONCLUSION. 


It has been shown that the constitution of the appli- 
ances necessary for the supply of electrical energy of 
appropriate voltages to a radio receiver utilizing the 
electric supply mains possesses no inherent difficulty, 
but that in their design and construction certain features 
need special care and attention. It is hoped that manu- 
facturers of these appliances will give their attention to 
these matters, so as to ensure some reasonable ratings 
for them on the lines suggested in the paper. It is 
further hoped that the deficiencies which have been 
indicated in connection with the design of L.T. supply 
appliances will receive further attention in the near 
future, so that this type of appliance may progress to 
the same extent at least as have the H.T. appliances at 
the present time. 

In conclusion the authors wish to express their thanks 
to various manufacturers who have kindly loaned 
appliances for the purpose of test; and in particular 
to thank the Dubilier Condenser Co. (1925), Ltd., for 
permission to publish the results of experimental work 
which has been carried out in their research laboratories 
and which have been used in the preparation of this 


paper. 


DISCUSSION BEFORE THE WIRELESS SECTION, 6 APRIL, 1927. 


Lieut.-Colonel H. P. T. Lefroy: About 3} years 
ago I was asked by my club to arrange the installation 
of a broadcast receiving set. For various reasons I 
decided to use their 110-volt d.c. mains. I installed 
a 3-valve resistance-amplifier, with 0-2 amp. passing 
through the filaments in series; the first (detector) 
valve only requires 50 mA, so 0-15 amp. is by-passed 
through a shunt resistance. The auxiliary apparatus 
used consists of only four components, viz. a 250-ohm 
resistance across the mains; then a choke of about 
5 henrys in the H.T. supply lead ; then a 6-LF condenser 
across the mains, and finally a variable resistance in 
the negative lead of the filament circuit, the positive 
filament lead being tapped off the resistance across the 
mains; this gives a resistance of only 56 ohms across 
the filament circuit, which is a very effective ripple 
filter. I find that resistances form the most effective 
shunts for a ripple filter. If we assume the fundamental 
frequency of the ripple noise (which is also usually rich 
in harmonics) to be of the order of 100, it is interesting 
to note that 1 uF in shunt is equivalent in its reactance 
to 1 600 ohms, 10 uF to 160 ohms, and so on. It will 
thus be seen how large and expensive condensers must 
be to give a shunt-effect equivalent to that of a small 
resistance. On the other hand, shunt resistances lower 
the overall efficiency, except when they are across a 
filament as in the case mentioned above. If efficiency 
is of no importance, it is possible in this way to eliminate 
almost any ripple. The H.T. supply available is nearly 
110 volts, as the choke causes a drop of only 0-2 voit. 
Grid bias for the second valve is obtained by connecting 
to the negative end of the filament of the third valve ; 


for the third valve it is obtained by connecting to 
the junction of the variable filament resistance with 
the negative terminal of the mains. The output 
from the loud-speaker used is of good quality 
and sufficient for a fairly large room. This installation 
has been working since February 1924, at a cost of 
about 4d. a day for current, with practically no atten- 
tion; the present valves have been in use for nearly 
three years. I am surprised that, where d.c. mains 
are available, their use for H.T. and L.T. supply for 
fixed receiving sets is not more common, as, for the 
installation of such an arrangement, no knowledge is 
required beyond that available thrce or four years ago. 
The arrangement for working on a.c. mains is more 
complex, but can be equally satisfactory. As the 
number of valves and the overall sensitiveness is in- 
creased, the difficulty in complete elimination of ripple 
noise is increased also, so that an arrangement suitable 
for one type of amplifier may not be suitable for another ; 
this is important from a commercial point of view. 
It is easier to work off 220-volt than off 110-volt mains, 
since a greater voltage-drop is permissible. For good 
efficiency, valve filaments should be connected in series, 
and dull-emitter valves used. Chokes should be designed 
for maximum a.c. loss and minimum d.c. loss. Where 
a choke is required for the filament circuit, I have found 
it advisable not to use the same one as for the H.T. 
supply; the latter may be of high inductance and 
wound with fine wire, whereas the former may have less 
inductance and should be wound with a thicker wire. 
It is important to provide a reservoir condenser of 
l] uF or more across the output end of the filter, so that 
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no lag occurs in the supply of anode current to the valves 
at any frequency to be dealt with. 

Mr. W. J. Brown : I should like to make one or two 
suggestions about the proposed characteristics referred 
to on page 711, where details of four characteristics 
are given. The first three points deal with what, in 
ordinary electrical engineering, is really meant by the 
word ‘‘ regulation,” the question being how much the 
output voltage falls with a given load current. I think 
the first three characteristics are, in fact, equivalent. 
The authors suggest that we should probably not need 
all of them, and if we had one of the three characteristics 
it would be sufficient to define the performance of the 
eliminator from this point of view. I suggest that 
the third one would convey more to the purchaser of the 
eliminator than either of the other two. On the other 
hand, the purchaser might be very disappointed by the 
milliampere rating according to this particular definition, 
and some of the eliminators at present rated at 25 mA 
might give only 2-5. I think that if some sort of 
official rating for the battery eliminator were adopted 
all these devices should be rated in that way, and it 
would at any rate assist customers to know what they 
are buying. The fourth characteristic suggested by 
the authors is the audio-frequency impedance of the 
output circuit, and the reason they suggest that is to 
determine the amount of reaction effect that will occur 
when such a battery eliminator is connected to a multi- 
stage radio set. I suggest that if reaction does occur 
through using the eliminator, and if howling occurs, 
it is almost certainly due to coupling between the out- 
put valve and the detector valve. The output valve 
is taking more current than any of the other valves 
and consequently it is taking more ripple current. These 
large ripple currents therefore produce a large ripple 
voltage across the battery eliminator, and that in turn 
is applied to the anode of the detector valve when it 
is again amplified in the succeeding stages, and produces 
a reaction effect. The obvious way to reduce the trouble 
appears to be to feed the output valve through a separate 
filter. In that case this characteristic does not give 
us quite all we need. I should like to suggest that 
definition No. (4) on page 711 might be so worded as 
to indicate the voltage imposed on the detector anode 
when a certain ripple current is injected into the output 
valve circuit. That would take care of the case in 
which there are two filters. The only other suggestion 
I should like to make is that the authors might give 
some definition of the smoothing effect or the absence 
of ripple in any given battery eliminator. I know that 
is very difficult to do, particularly as we want to know 
not only the amount of the ripple but also what the 
frequency of the ripple is. Although the authors state 
that a ripple of 1 volt will give about the same amount 
of noise at any frequency this seems rather questionable 
in view of the fact that the sensitivity of the human ear 
is so very different at different frequencies. 

Captain N. Lea: I was very glad to notice that the 
authors demonstrated so carefully the fact that the 
input capacity is of little moment in connection with 
the d.c. smoothing system. It is very surprising what 
a large number of people glibly connect large condensers 
across their d.c. mains and are disappointed when they 
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get no improvement. I regret that the authors have 
not gone rather more fully into the question of the out- 
put impedance of the device, because I feel that under 
modern conditions the distortion which we can get, 
due to mutual interference between the stages, is very 
great even before howling sets in. This mutual effect 
is very important at very low frequencies, i.e. frequencies 
down to less than 1 per second. The capacity of the 
output condenser necessary to avoid interaction between 
the amplifier stages is very great if one is going to use 
the condenser to prevent interaction in a resistance- 
coupled amplifier. I have found it quite uneconomical 
to prevent low-frequency oscillations in the amplifier 
by means of an increased size of output condenser in 
the mains of the battery eliminator. It is possible, 
of course, to connect resistance-coupled stages in pairs, 
which gives the effect of reverse interaction at this very 
low frequency without apparently impairing the opera- 
tion of the amplifier at audio frequencies. With regard 
to the question of the rating of radio supply appliances, 
I suggest that it is necessary to state (1) the voltage 
(open-circuit) and current (mA) available on each 
range, (2) the d.c. regulation of each output, and (3) the 
output impedance at some particular frequency of each 
output. If the output impedance characteristic is not 
a linear one it will be necessary to state figures for more 
than one frequency. Other matters which are all bound 
up with this question of rating, and what is necessary 
to produce a satisfactory commercial type, are the 
response curves of the amplifiers and the loud-speakers 
to be used with the device. I notice that the left- 
hand portion of the curve for 0°5 pF, Fig. 7, holds up. 
rather unexpectedly, and I should be glad if the authors 
would comment on this. With regard to their suzgested 
method of rating appliances, is it not a fact that 
characteristic No. (2) is rather bound up with No. (1) ? 
The authors mention the use of a double-anode rectifier 
for producing direct current. I have always found this 
very unsatisfactory in all the designs I have tried, owing 
to the very powerful negative field from the inoperative 
anode. The negative field has the effect of greatly 
increasing the impedance of the part which is in opera- 
tion. It would be of interest if the authors could give 
some information with regard to the valve shown on 
the lantern slide. 

Mr. E. A. Watson: Ishould like to say a few words 
on the question of instability which has been mentioned 
by other speakers. It seems to me to be largely a 
question of whether the amplifier or the receiving set 
as a whole has negative or positive resistance charac- 
teristics. With any combination of valves electrically 
coupled together it is possible to get a condition in which 
an increase in voltage causes an increase in the current 
taken by the plate circuit from the supply system 
corresponding to a positive resistance, or one in which 
an increase in voltage is accompanied by a decrease in 
current corresponding to a negative resistance. Our 
experience has been that if any system embodying a 
smoothing circuit is connected to a wireless apparatus 
which has a negative resistance there will be a very 
marked tendency for the smoothing system to be set 
in sustained oscillation, but if it is connected to a wireless 
set with a positive resistance it will be stable and will not 
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oscillate. In the case of a transformer-coupled amplifier 
the characteristic can be made negative or positive at 
wil by reversing the transformer connections so that 
stability can always be obtained, but with a resistance- 
capacity-coupled amplifier there is no possibility of 
reversing these connections and one has to take the 
amplifier as it stands. I think it is true, generally 
speaking, that three-stage resistance-capacity coupling 
gives a negative characteristic accompanied byinstability, 
and an even number of stages a positive characteristic 
with stability. A useful ar ifice with a resistance- 
coupled amplifier, as a previous speaker has mentioned, 
is to split up the smoothing system into two or more 
independent ones, taking care that an even number of 
stages is fed through each system, and that the systems 
are not coupled. That will always prevent any in- 
stability. This question of stability is rather an im- 
portant matter to suppliers of apparatus of the type 
described in the papei, as a large number of wireless 
receiving sets on the market are not designed with a 
view to obtaining a positive characteristic and main- 
taining stability. Very many cases have occurred in 
which a user buys a battery eliminator and applies it 
to his set, immediately getting howling, rattling and 
unpleasant manifestations. A wireless engineer can 
generally put the matter right fairly simply, but the 
ordinary user may condemn the battery eliminator 
as being unsatisfactory. I would suggest that in view 
of the extended application which we may expect 
of battery eliminators of various types it is desirable 
that there should be co-operation between firms making 
this apparatus and firms manufacturing standardized 
wireless receiving sets, with a view to such sets being 
designed with stable characteristics and suitable for 
operation off any apparatus in which a smoothing 
circuit is incorporated. Such co-operation would, I 
feel, prevent a great deal of inconvenience to manu- 
facturers and users alike. 

Mr. P. K. Turner : It is obvious from the paper 
that the authors have done much work on the subject. 
But because the subject itself is new—at any rate as 
regards its practical application—it is easy for those 
working at it to come to rather widely different con- 
clusions. If I do this, it is with a full realization that 
the matter is not to be settled by a few words now. The 
first point on which I diífer from the authors arises 
at the top of page 707. I feel that their figure of 
“much in excess of 1 000 ohms " for the filter chokes 
is too high. I know of quite satisfactory chokes of 400 
ohms each; and one cannot allow much more, for a 
modern set will take 25 mA or thereabouts, besides 
what is wasted in any voltage divider. In this connec- 
tion, I donot agree with the authors' approval of Fig. 4. 
My experience has been that to ensure reasonably good 
regulation with different types of set, the voltage 
divider should take a current of the same order as the 
full-load useful output. This means that the filter must 
be designed to afford about 50 mA output, and there is 
not much difficulty in designing chokes of 40 H each 
(with this current passing) and a d.c. resistance of about 
400 ohms. In the matter of filters, it seems to me that 
the authors, in common with many others who have 
written on this subject, have taken it from a not very 


satisfactory point of view. To design such circuits, 
or interpret measurements on them, by ordinary circuit 
methods is laborious and complicated : it is well worth 
while to make the plunge and get accustomed to the 
ideas and methods employed by Campbell, Zobel and 
others * in dealing with the subject. With these 
methods, a smoothing filter for our purpose becomes a 
much more simple problem—one, in fact, that the real 
filter expert would almost despise. Coming to details, 
and referring only to a.c. filters, I cannot agree with 
the authors that (see top of col. l, page 708) a single 
stage is satisfactory. If one specifies some definite 
attentuation at a given frequency, one will always find 
that by increasing the number of stages it can be 
obtained with a smaller total of inductance and capacity. 
But the smaller inductance may cost more than the 
larger if it is split into a number of separate units. 
There may thus be an optimum number of sections, 
and my own experience is that the best compromise 
is to use two stages. In drawing curves of performance 
for filters, the ratio vv; is not really satisfactory, 
for in the attenuation band it is of the order of 0-002, 
and can hardly be shown to scale. It is better to invert 
it, and better still, after having done so, to use a logarith- 
mic scale, i.e. to work in napiers or transmission units. 
I have usually designed filters for 50-cycle supply on 
the basis of an attenuation of 500 at 100 cycles. The 
results have been satisfactory, and check well with the 
figures at the end of page 709, the critical frequency 
being as a rule 25-35 cycles. The value of 500 for the 
attenuation of the fundamental (100 is the fundamental 
for a 50-cycle full-wave rectifier) also agrees with the 
authors' figures at the end of page 710; for if the d.c. 
voltage is 150 the input “ripple” is 105 volts, and 
hence the output ripple is 0-21 volt. There is scope for 
much work in experiments on other designs of filter. 
For example, Zobel's "M" type has a frequency of 
(theoretically) infinite attenuation, which may be made 
to coincide with the fundamental. Since, however, 
the attenuation falls off at higher frequencies, it must 
be used in combination with one stage of the ordinary 
(*K") type. I have found experimental filters of 
this kind very good as regards the important factor 
'" attenuation/price." In connection with Fig. 13, it 
may be noted that (apart from any question of howling), 
if the capacity across the grid resistance is too small 
there will be loss of amplification due to the well-known 
slope-meter effect. At the end of page 713 the authors 
give the emission of a suitable rectifying valve as “not 
less than 100 mA." If by this they mean that 100 mA 
is nearly enough, I cannot agree. Hitherto the only 
valves which I have found to give a d.c. output of 50-60 
mA with a fair life have all had emissions well over 
300 mA. One may also note the fact that, during the 
half-cycle when the valve is not passing current, it is 
subjected to an instantaneous voltage of about 2:9 
times the output voltage. I feel that an eliminator, 
at any rate for sale purposes, should be rated to deliver 
so many milliamperes at a given voltage, coupled with à 
statement as to the voltage-rise or drop per milliampere, 

* “ Physical Theory of the Electric Wave-Filter," and “Transmission 
Characteristics of Electric Wave-Filters," Bell System Te nical Journz!, 192, 


vol. 1, p. 1, and 1923, vol. 2, p. 1; also P. Davin: " Les Filtres Electriques " 
(Gauthier- Villars). 
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which is equivalent to giving the d.c. output resistance. 
There are one or two other points on which the authors’ 
views would be of interest. They have not mentioned 
the matter of screening: have they found it necessary 
to take precautions of this kind? There is also the 
important matter that there are some types of set 
that cannot be operated from any ordinary type of 
outfit. For example, it is easy to trace out in detail 
the effect of a rise in the supply voltage on a 3-valve 
resistance-coupled set, and one finds that the effect 
may be a fall in the total anode current taken. When 
this occurs, there is obvious instability, and the filter 
begins to oscillate at one of its natural frequencies. 
If the authors have met and conquered this difficulty 
I should be very glad to hear their recipe for a cure. 
Mr. J. H. Reyner: I am very interested in the 
authors' remarks on the subject of regulation, which 
is a point of considerable importance. As the curves 
in Fig. 12 show, the types of unit now on the market 
vary considerably in output characteristics and some 
of them are entirely useless. I made some experiments 
some time ago which indicated that with alternating 
current the size of the input condenser was of consider- 
able importance in determining the regulation, even 
more so than the choke, and this is particularly the 
case with single-wave rectification. I take it that all 
the figures given in the paper deal with double-wave 
rectification, but with single-wave rectification the 
difficulties are accentuated. I find in practice that 
with a given size of input condenser which produces 
a satisfactory filtering effect, the regulation is not good 
enough and the voltage will fall considerably for a small 
output, after which it begins to flatten out. As a 
practical compromise I found it better to put a shunt 
of about 10 000 or 20 000 ohms across the output, 
and then a satisfactory regulation is obtained. In 
practice I have had a 2-~F condenser and a 50-henry 
choke with a fairly high resistance of about 2 500 ohms, 
and yet with that system I can get a regulation of 150 
to 120 volts with 25 mA, which, compared with the 
values given in Fig. 12, is very good. The question of 
the rating of these units is, as several speakers have 
already pointed out, of considerable importance. I 
agree with Mr. Brown that the third rating is the one 
which would appeal most to the average user so far as 
regulation is concerned, and I think also that some 
rating involving the hum should be devised if possible. 
Any particular unit is rated to work at some particular 
frequency of supply, and it might be possible to devise 
a rating which expresses the percentage ripple on the 
output side of the filter in terms of that on the input. 
This at any rate should be done for an a.c. filter. The 
case of d.c. appliances would require some careful 
consideration before any such rating could be devised. 
Mr. G. G. Blake : In practice one occasionally finds 
an existing wireless set in which the negative H.T. 
terminal is connected (within the set) to the positive 
L.T. terminal. Unless special provision is made for 
Such cases, should the negative H.T. supply lead be 
connected to the one marked negative H.T. on the 
Set, disaster would follow. In many cases the difficulty 
IS quite easy to surmount, it being only necessary to 
make three connections from the H.T.-L.T. supply 


unit working from d.c. mains, ie positive H.T., 
positive L.T. and negative L.T. The negative H.T. 
connection to the set can be omitted, in which case the 
plate current would find a route via the other filament 
lead, and the set would still function, though probably 
it would be better to scrap it altogether. These three 
connections are obviously all that are required for a 
normally wired set in which the negative L.T. and 
the negative H.T. are connected to each other. As 
the authors have pointed out, to take the filament 
heating current from the supply mains is obviously 
uneconomical and inefficient; but in the absence of 
some morc efficient method, to my mind (for use by those 
who only listen-in occasionally) its convenience out- 
balances its extravagance. For efficiency, of course, 
it compares most unfavourably with a motor-generator ; 
but the original cost of the latter is a very serious con- 
sideration. In Fig. 13 the authors show a potentiometer 
method of obtaining grid bias, by the inscrtion of a 
resistance in series with the negative lead. I should 
like, as a matter of interest, to know to whom this 
scheme for obtaining grid bias is attributable. Two 
ideas occurred to me whilst considering the problem 
of grid bias supply. The first is the possibility of em- 
ploying a quartz crystal. In 1880 J. and P. Curie 
showed that if a suitably cut quartz plate is placed 
under tension, a liberation of electricity occurs, equal 
in amount but opposite in sign on the two sides of the 
plate. Sir Ernest Rutherford in his book '' Radio-active 
Substances and their Radiations" gives an equation 
to show the quantity of electricity set free on one face 
of a quartz plate of known thickness, under a given 
amount of tensional stress. A correctly cut crystal 
under suitable stress might provide a source of grid 
bias, but I admit that I rather doubt if it could supply 
sufficient electricity even for the exceedingly minute 
currents required for this purpose, and again in the 
absence of experiment it is hard to predict how the now 
so well-known oscillating properties of a quartz crystal 
might affect the result. I venture to mention the idea, 
however, as it may at least provide a field for interesting 
experiment. My second suggestion is the employment 
of the permanently electrified resinous wax, or “ per- 
manent electret," first made, I believe, by Eguchi 
Mototaro in 1919. According to my information a 
mixture of resin and carnaüba wax is melted and allowed 


.to cool in the electrostatic field between two metal sheets, 


forming the plates of a high-voltage condenser. Under 
these conditions it is claimed that when removed it 
retains it electrification almost indefinitely. The 
phenomenon is in many ways analogous to the permanent 
magnetization of steel in a magnetic field. It would 
be interesting to insert a condenser having a dielectric 
made of this wax (in a state of permanent electrification) 
in the grid circuit of a valve and see what effects could 
be produced ; but if the magnetic analogy holds good 
I fear that it will only supply us with an electrostatic 
field and cannot act as a source of energy supply. While, 
therefore, it is unlikely to solve the problem of grid 
bias, other useful applications may result from experi- 
ments with this substance, which, I understand, is now 
being manufactured in London. I fear that these 
methods of grid-bias supply are in some ways com- 
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parable with Mr. Heath Robinson’s method of testing 
electric light bulbs. 

Mr. M. G. Scroggie : I suggest that a considerable 
amount of attention should be devoted to the choke 
coils used in the filter. At the present time a very large 
number of choke coils on the market either have no 
definite design behind them or else are based on faulty 
assumptions. I think the reason for this lies mainly 
in the lack of appreciation of the great variations found 
in the value of inductance of a given choke. It is 
perfectly well known that if a choke coil is run well 
over the saturation bends the inductance falls very 
greatly ; but it is not so generally well known that even 
when using good stampings and working at quite a 
moderate flux density the inductance varies to the 
extent it does under the conditions of use in the filter 
circuit in the devices described in the paper. Using 
a stalloy core and a quite moderate, steady component 
induction of 7 000 lines per cm?, the effective permeability 
to the ripple is of the order of one-tenth that without 
a polarizing steady current. If the choke is measured 
in any of the usual ways it naturally gives a misleading 
impression of what one is likely to get in the filter. 
The inductance of the choke decreases not only to this 
enormous extent owing to the steady polarizing current, 
but also, to a lesser degree, with decrease in the amplitude 
of the ripple. Therefore, in the case of a filter choke 
where the ripple is comparatively small, at any rate in 
the second choke of a two-stage filter, the inductance 
is again lower than would be expected. There are 
also other important effects, such as that due to the 
previous passing of a heavy current through the coil, 
which considerably alters the permeability even in the 
case of good stampings, the variation of inductance 
with frequency, and the direction of rolling of the plates. 
As an example of bad design, the inductance of a certain 
choke coil which was originally 25 henrys with a large 
alternating current but with no steady direct current, 
on a reduction of the alternating current to 0:4 mA 
fell to 8 henrys, and on superimposing 44 mA of direct 
current fell to 2 henrys. I think that the authors are 
rather pessimistic as regards the resistance of a practic- 
able choke. They state that to obtain a reasonable 
inductance one has to have a resistance greatly in excess 
of 1000 ohms. There is now in commercial production 
a filter choke which has a very moderate resistance of 


430 ohms; with no direct current the inductance is: 


as high as 80 henrys, and with a direct current of the 
order of that used in a battery eliminator (50 mA) 
the inductance is still 45 henrys. This compares very 
favourably with the previous one mentioned, and is 
amply sufficient for mains filter purposes. 

Mr. R. H. Woodall: The authors state that a few 
milliamperes only are generally required for reception, 
but I think it is generally agreed that at least 3 or 4 watts 
are required. As regards ripple, the authors say that 
some people would tolerate 1 volt of ripple on the H.T. 
supply, but from tests we have taken of the maximum 
permissible tolerance of ripple in an H.T. supply unit 
we have found this to be about 0-02 volt. In connection 
with the d.c. mains units the authors show a fixed 
series resistance, whereas it is reallv necessary to have 
some control of the H.T. voltage for the detector valve. 


I am of the opinion that only about three or four of the 
"regulation" curves shown in the paper would be 
suitable for a high-power radio receiving set, and some 
of them would appear to be unsuitable for any type of 
receiver. In connection with definition No. (3) of a 
rating figure, with a 334 per cent drop the current 
may be such as to saturate the core of the choke, in 
which case I suggest that the rating should definitely 
state the maximum number of milliamperes to be drawn 
from the instrument. The authors, when speaking of 
miscellaneous appliances, mention '' a specially designed 
and constructed generator which can be driven bv anv 
convenient motive power, or electrically from a low- 
voltage accumulator." Further on, when dealing with 
the L.T. supply from the mains, they say that it is 
almost essential that an L.T. battery be floated across 
the terminals of an instrument to give this supply. 
It seems to me that if in any case an L.T. accumulator 
has to be retained, then the best solution is to use a 
machine driven from this L.T. source to supplv the 
H.T. current. Not only will much better regulation 
be obtained than any shown in Fig. 12, but one will 
also have an even control of the H.T. voltage by means 
of a rheostat in the L.T. circuit, and it is found that 
the output of such a machine may be smoothed more 
readily. 

Captain P. P. Eckersley : On my own wireless 
receiver I use a 300-volt battery charged from the 
mains. It is undoubtedly good to have a high voltage 
because I am sure it is hopeless to expect to get good 
quality from any receiver unless voltages of the order 
of 300 are used. We must remember that if we could 
design a loud-speaker with a really good efficiency we 
might again use the H.T. battery made up of a few dry 
cells, but seeing that this appears an improbable develop- 
ment efficient power supply is essential. It is to be 
regretted that the authors have not stressed more the 
possibilities of the motor-generator, that is to sav, 
some kind of rotary transformer worked off the mains 
giving an H.T. and L.T. output, because under those 
conditions a piece of apparatus can be designed from its 
output point of view to cope with a constant set of 
conditions. Some may say that the capital cost will 
be very high, but a good H.T. battery costs 6d. a volt, 
that is £7 10s. for 300 volts, and will possibly cost over 
£2 a year for charging. Further, the L.T. charging 
represents perhaps £10 a year. A machine could, I 
think, be designed and hired out which would supply 
the necessary three voltages. Alternating-current 
mains are more adaptable than d.c. mains, but to make 
a standard set of conditions the motor of the rotary con- 
vertor could probably be designed for any supply, just 
as domestic appliances are designed to-day. Ifa.c. mains 
are used direct for filament lighting it is essential to bring 
the grid lead to the electrical centre of the filament. 
This is done either by splitting the secondary of the 
transformer or, more exactly, by conecting the grid lead 
to the slider of a potentiometer, the latter being con- 
nected directly across the filament. 

Mr. E. H. Turle : I hope the development of battery 
eliminators wil not retard the much-needed adoption 
of improved reproduction. As regard the question 
of anode current, I think that values of the order of 
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30 to 60 mA are necessary, and therefore that alone 
would rule out dry cells as being quite unsuitable. I 
do not agree with the authors when they say that a 
ripple voltage of 0-1 volt is satisfactory. I think that 
the limit should be much lower than that, preferably 
0:01 volt. There appear to be only two eliminators 
among the 20, the characteristics of which are shown 
in Fig. 12, that are really suitable for the purposes of 
good reproduction. The question of common impedance 
in the anode circuits appear to me to be very important. 
I do not find that supply mains are usually suitable 
for supplying the L.T. voltage, as the pressure often 
varies + 10 per cent (a total variation of 20 per cent), 
and the operating characteristic of the apparatus may 
result in the output varying rather more, while even 
5 per cent variation in filament voltage makes a 
marked difference in performance. The voltage of a 
low-tension accumulator only varies over a range of 
the order of 10 per cent, and if a suitable size is used 
this variation is spread over 14-21 days and can be 
readily compensated for by an occasional adjustment 
of a main rheostat. 

Major B. Binyon : I feel that some of the troubles 
through which the radio industry has been passing have 
been due to the fact that the man in the street cannot 
maintain his receiver in such a condition as to give 
consistently good quality, and the dealer is often unable 
to supply the necessary information and service for 
this purpose. I think, however, that the manufacturers 
are to some extent responsible for the fact that the public 
have not up to the present had sets of a really foolproof 
character which could be operated from the electric 
supply. For instance, after much experiment, I am 
now using a set installed in my cellar and remote-con- 
trolled, operated entirely off the a.c. mains, which only 
requires attention at intervals of about six months 
4nd which gives uniform and good quality, and I think 
this is the kind of thing that is really needed. When 
:à set is operated from a.c. mains the question of cost 
-of the filament current supply and the anode current 
‘supply becomes a relatively unimportant matter, and 
‘in this connection I think many of the troubles which 
are experienced by the public have been due to the 
factors of safety allowed by the valve manufacturers 
“having been much too small. In my own case I employ 
-a total filament eurrent for a four-valve set of 24 amperes 
and 40 mA at 250 volts for the anode supply. From 
measurements I have made, the cost of consumption 
-in current works out at only 10s. 8d. per annum. With 
-the use of mains-operated sets it is surely desirable 
-that a type of valve having a very robust filament taking 
a heavy current and giving consistent emission be em- 
ploved, yet such types of valves are at the present time 
-very costly. My own view is that ultimately we shall 
‘be able to purchase absolutely foolproof sets, and 
-probably the battery eliminator as a separate appliance 
-will disappear, since the best and most foolproof 
arrangements can generally be obtained if the set and 
-the eliminator be designed specially to operate together 
and in one unit. 

Mr. P. B. Frost (communicated) : While battery 
-eliminators will undoubtedly be required for some time 
-to come to meet the noeds of existing sets, they cannot 


and not the P.D. across them, is constant. 


be regarded as the ultimate solution of the problem 
of a radio receiver for working directly off the mains. 
As has already been stated, the self-contained set 
can be designed free from the limitations imposed by 
existing types. Not only can the question of safety 
from shock and minor accidents be adequately dealt 
with, but the necessary condensers for isolating both 
aerial and earth terminals can be incorporated. When 
the filaments of an existing set are fed from d.c. mains 
through a filter and resistances, the valve filaments 
being in parallel, the failure of one filament will almost 
certainly be followed by the burning out of all in parallel 
with it, for the current through the group of filaments, 
In the self- 
contained set, however, the filaments may be connected 
in series and when 0-06 valves are used the consumption 
of power need not exceed 16 watts, even on a 240- 
volt circuit. Separate, independent adjustment of the 
filament current of each valve can be provided by a 
high variable resistance shunted across each. I have 
had a number of sets made with the four filaments 
connected in series and with the H.T. feeds to the plates 
tapped off a selection of points on the same main series 
circuit, each through an additional choke. Grid bias 
is also provided very simply by tappings from suitable 
points on the common filament circuit. Incidentally, 
in these sets, the electric supply mains may also be 
used simultaneously as an aerial. I am inclined to agree 
with the authors that an experimental method of 
producing a filter is sufficiently good, since in practical 
cases the main disturbing ripples and their harmonics 
cover a wide and indeterminate range of frequencies, 
and, further, the inductance of iron-cored chokes at 
various points of saturation is low and somewhat 
indeterminate theoretically. Choke coils can, however, 
be wound differentially so as to produce no resultant 
flux due to the steady direct current and can be de- 
liberately unbalanced (by bridging condensers) for the 
a.c. ripple, an arrangement which ensures the iron being 
used in an unmagnetized and therefore highly perme- 
able condition. 

Mr. P. D. Tyers (communicated): In dealing with 
radio supply appliances I note that the authors made 
no special mention of their use with resistance-coupled 
amplifiers. Since it seems probable that the resistance 
amplifier is likely to be generally employed for broadcast 
reception in the near future, it would seem desirable 
that radio supply devices should be suitable for operating 
amplifiers of this type. I should be interested to learn 
the degree of success which the authors have attained 
in operating multi-stage resistance amplifiers from 
rectified a.c. supply. Tests made with a number of 
commercial units have been far from satisfactory. In 
an amplifier in which the anode circuits contain merely 
a resistance and no appreciable reactive component 
there is substantially opposite phase relation in successive 
anode circuits. Examination of the regulation curves 
given in Fig. 12 seems to indicate that the voltage 
supplied to the ends of the anode resistances under normal 
working conditions would remain far from constant, 
and when an amplifier is employed containing an odd 
number of stages connected to the same output terminals 
of the supply devices any voltage variation which occurs 
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at the ends of the anode resistances will be sufficient 
to set the system into a state of oscillation, which will 
in part be determined by the time-constant of the smooth- 
ing circuit. One method which was patented in the 
United States some years ago to overcome this difficulty 
consisted in shunting the output from the smoothing 
circuit with a very low resistance, but while, no doubt, 
very considerably improving the regulation, this method 
necessitates the use of a much larger rectifier to supply 
the power which is thus expended in this resistance. 
I believe that a resistance of the order of one-tenth 
of the resistance of the load circuit was stated to be 
satisfactory. In dealing with the subject of L.T. 
supply from a.c. mains the authors refer to chemical 
rectifiers as being ‘‘ messy.” I do not think that a 
properly designed tantalum rectifier is any more 
“ messy " than an ordinary accumulator. The tantalum 
rectifier incidentally possesses certain features which 
admirably suit it for supplying the power for the valve 
filaments. The wave-form of the current from such a 
rectifier is quite different from that obtained from a 
gas-discharge device. I have produced a filament 
current supply unit utilizing a tantalum rectifier in 
conjunction with a smoothing circuit of the type shown 
in Fig. 16, employing balancing cells. I note that the 
authors state that the balancing cells act merely as 
resistances, while their back e.m.f. prevents unnecessary 
wastage of energy from the rectifier. This seems an 
obvious explanation, but I should be interested to learn 
whether the authors have actually proved this experi- 
mentally, as from some recent experiments I am not 
now convinced that this is the case. The smoothing 
which can be obtained with a filter consisting of two 
balancing cells and one choke, in conjunction with a 
tantalum rectifier, is surprisingly good. When con- 
nected to a multi-valve resistance amplifier the output 
of which is provided with a coil-driven loud-speaker 
capable of reproducing low frequencies, and, further, 
utilizing valves in which the filament thermal inertia 
is not very great, substantially no hum can be heard 
whatever. One such device has been in use for several 
hours every day for the past nine or ten months, and 
has been subjected to careful periodic examination. 
The balancing cells are of very small ampere-hour capacity 
and therefore the internal resistance is not excessively 
low. Moreover, the inductance of the choke used 
between the two cells is only a fraction of a henry. A 
smoothing circuit of this type is found to be of little 
use with other forms of rectifiers. I hope shortly 
to take some oscillograms of the wave-form of the 
voltages which exist in various parts of the system, 
and particularly when connected to a tantalum rectifier, 
and also to a gas-discharge or thermionic rectifier. 
The only maintenance required for a device of this type 
is the occasional addition of distilled water to the acid 
in the balancing cells and the rectifier cell. I am of 
the opinion that the device is not particularly ‘‘ messy ” 
and it seems to me that there should be a considerable 
field for the utilization of a tantalum rectifier in this 
manner, particularly in view of the absence of replace- 
ment charges. The tantalum rectifier also, of course, 
enables quite large currents to be obtained. 

Mr. A. G. Warren (communicated): Although the 


authors have recognized to a certain extent that the 
action of the circuits described is somewhat different 
upon direct current and upon rectified alternating 
current, it is not evident from the paper that they 
have appreciated the fundamental nature of the differ- 
ence. All the work which they describe on pages 707 to 711 
is applicable to direct current (with a ripple) but may 
be misleading if applied to rectified alternating current. 
I sympathize with their desire to avoid mathematical 
analysis if possible, but I believe that in the present 
case the action of the circuits is too complicated to be 
understood without it. References are given at the 
foot of page 707 to the analysis of the filter circuit. 
I should be glad if the authors would say which of the 
papers mentioned deals with the particular problem 
in hand. Bartlett’s paper certainly does not—it is 
concerned with recurrent circuits. By the term “ filter ” 
is usually meant a recurrent circuit, of a practically 
indefinite number of low-resistance sections, which acts 
as a frequency-filtering device. When the circuit is 
limited to one or two sections (as in Figs. 2 and 3) of 
comparatively high resistance it ceases to be a filter 
in this sense. I would suggest that circuits such as 
Figs. 2 and 3 should not be called filters but simply 
smoothing circuits. When one is considering the 
smoothing of direct current, it is legitimate to assume, 
as the authors have done, that the supply consists of a 
constant quantity together with a number of alternating 
potentials of definite magnitude—in other words, that 
the supply is subject to a Fourier analysis. But when 
the supply is rectified alternating current this assump- 
tion is not legitimate. The current taken by the 
appliance is discontinuous, the discontinuity not being 
an implicit function of the constants of the circuit, 
and a Fourier analysis is meaningless. For part of the 
supply cycle the terminals T,, T, (Fig. 2) are connected 
by a low impedance ; for the remaining part of the cycle 
the impedance across T,, T, is infinite. Whenever 
current tends to flow in the reverse direction across 
T, T; a dam is erected by the rectifier. The height 
of this dam, and the period for which it exists, cannot 
be expressed in terms of the physical constants of the 
smoothing circuit. Under these conditions I do not 
know what the authors mean when they refer (top of 
col. 2, page 708) to the resonant or '' pass ” frequency 
of the smoothing circuit. Resonance is a meaningless 
term when the circuit is prevented from resonating, 
much as the term would be meaningless for a weight 
suspended on a spring if the weight were also attached 
to a damped ratchet. The value of the paper wouid, 
] think, be much increased if the treatment of the apph- 
ance when used on rectified alternating current were to 
be included. The mathematics is not particularly 
dificult and could be included in a short appendix. 
With regard to the rating of these appliances, referred 
to on page 711, the general suggestions of the authors 
appear to be sound. Iwould suggest one other point— 
the ''ripple coefficient" should be stated when the 
rated output is being delivered. Another question 
that arises is that of standard outputs. Fig. 12 shows 
the characteristics of a large variety of appliances. It 
would appear that the usual purposes for which elimina- 
tors are required are sufficiently limited and definite, 
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so that concentration of effort upon the efficient design 
of a number of outfits of specified size is desirable. 
For instance, set G is a very useful one giving 10 mA 
at about 140 volts, sufficient for a reed-driven loud- 
speaker in an ordinary living-room. Probably four 
standard sizes would meet ordinary needs for receiving 
sets. J agree with the remarks of the authors on page 715 
regarding the danger of shock from such appliances. 
I believe the important factor is not voltage but rather 
the amount of current which can be delivered. In the 
case of really dangerous shocks when the skin resistance 
is broken down, either by exceptionally good, wet 
contact or by surface burning, the body resistance is 
only a few hundred ohms and a considerable fraction of 
an ampere will flow from a 100-volt main. Except 
with very powerful sets suitable for transmission work, 
the outfit does not possess the capacity to deliver a 
dangerous current; the risk of course is greater on 
direct current with a low-resistance choke. On the 
other hand I think considerable risks occur in house 
wiring in not insisting upon much more adequately 
protected switches, etc., in bathrooms. One point 
which the authors have not mentioned is that very 
often the chief source of hum in a rectifier arises not 
from the inefficiency of the smoothing circuit but from 
induction from the supply mains. This may, of course, 
arise outside the eliminator but it is a point which has 
to be watched in design. Often, too, the hum is more 
pronounced with full-wave rectification than with half- 
wave rectification. This may be due to the fact that 
the 100-cycle component is greater with full-wave 
rectification. The average receiving set is much more 
sensitive to a 100-cycle variation than to a 60-cycle 
variation. 

Messrs. P. R. Coursey and H. Andrewes (in 
reply): The large number of points which have been 
commented upon in the discussion appears to us to 
emphasize the need for the investigation of battery 
eliminator apparatus on the lines we have suggested 
in the paper. We are pleased to note that this should 
be so, although, as Col. Lefroy particularly emphasized, 
the general principles upon which such apparatus 
depends have been known for many years. Col. Lefroy 
also referred to the useful qualities of shunt resistances 
in a filter circuit, particularly for L.T. supply. These 
are shown in Fig. 16 (a) and certainly represent not 
only a useful but a simple method. The second diagram 
in the same illustration is an extension of the same idea, 
making use of the low internal resistance of the shunt 
battery for the same purpose. We are afraid, however, 
that the filtering or smoothing out of the ripple on some 
d.c. circuits is not quite so easy as Col. Lefroy would 
lead us to believe from the example that he details. 
The commutator ripple or other disturbances on some 
d.c. circuits is very bad and almost impossible to eliminate 
from the L.T. supply circuit unless a shunt resistance 
is used of much lower value than the 56 ohms to which 
he refers. The efficiency of the arrangement, however, 
then becomes very low, and the cost of operating may be 
prohibitive. In such instances it appears to us that, 
at the present state of the art, the only possible solution 
is the connection of a storage battery floating across 
the valve filament circuit to form a by-pass for the 
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ripple components of the supply current, as shown in 
Fig. 16 (b). On bad circuits the battery must be formed 
of low-resistance cells of at least 40 ampere-hour 
capacity, and must be connected to the supply circuit 
by short, low-resistance leads. 

Certain types of electro-medical apparatus used on the 
electric supply mains cause great disturbance of the 
voltage supplied to other consumers who may be operat- 
ing their radio sets from the same mains, and it is con- 
ceivable that the time may possibly come when it may 
be compulsory for such apparatus itself to be fitted 
with appropriate condensers and smoothing circuits 
to prevent the disturbances from spreading back on to 
the mains. Direct-current supply circuits fed from sub- 
stations equipped with mercury rectifiers are particularly 
bad for supplying radio apparatus, particularly when 
the circuit is lightly loaded. The smoothing effect 
of the lighting load of the neighbourhood is usually 
quite noticeable, since the non-inductive lamp circuits 
provide effective shunts for the ripple components. 
This is a fortunate occurrence which assists in the use 
of the mains for radio supply in the evenings when 
such supply is most needed. 

Mr. Brown is correct in stating that the funda- 
mental basis of the first three of the suggested 
rating factors is the ''regulation" of the apparatus. 
This, in fact, is indicated in the first sentence fol- 
lowing the tabulation of these characteristics. We 
put forward the three alternatives as different modes 
of expressing the same quantity, which might have 
different appeal. We agree that the definition 
of “useful output" in No. (3) probably best suits 
the user or purchaser of the apparatus but may at 
times be misleading, since in some cases, particularly 
for certain of the lower-voltage tappings on an appliance, 
which are obtained by means of series resistances 
(Fig. 4), a low output (mA) accompanied by a large 
voltage-drop not only does no harm but is actually 
intended in the design of the appliance. It would 
appear, perhaps, that such a rating coefficient, if adopted, 
should be limited in its application to the full voltage 
and main output of the appliance—in which case it 
expresses the true “ regulation " of the filter circuit— 
and that it should be supplemented by statements of 
the output currents, expressed in mA, which can be 
drawn from each of the lower-voltage tappings to give 
the intended output voltages at those tapping points. 
Mr. Brown’s further suggestions regarding a definition 
of the efficiency of a supply appliance based on the 
measurement of the ripple voltage produced at the 
detector valve terminals when a given ripple is injected 
into the main filter output, appear very useful. Such 
measurements could be carried out by means very 
similar to those used for the tests described in the paper. 
The measurement of the smoothing effect of any given 
apparatus may be performed by the same means as 
have been used in the tests described. We would 
suggest that for a complete examination of any eliminator 
the a.c. characteristics of the apparatus should be 
determined for different frequencies, in addition to the 
determination of the rating characteristics which we 
have proposed. 

The capacity of the output condenser of the eliminator 
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undoubtedly has a bearing on the liability of the appara- 
tus to cause interaction between the stages of the 
receiver, but, as mentioned by Capt. Lea, it does not 
entirely decide the nature of such effects. The d.c. 
resistance of the filter circuit also has some bearing on 
the effect. We had hoped that some further suggestions 
might have been made regarding a more satisfactory 
definition of the required nature, since it seems that 
the whole subject is beset with difficulties. The value 
of audio-frequency impedance of the output circuit 
was merely suggested as one possibility, although we 
fully realized that it is by no means adequate. Capt. 
Lea has suggested that this output impedance may 
vary with frequency and that therefore its value should 
be given for several frequencies. It appears to us that 
its value must in all cases vary considerably with 
frequency, since it is made up of the impedance of the 
output condenser shunted by the remainder of the 
filter, consisting of other condensers in series with 
the choke coil or coils. The impedance of all these 
components—with the exception of the pure resistance 
of the chokes—is a function of the frequency. A curve 
plotted over a wide range of frequencies is needed 
to express this factor with any degree of completeness. 
With regard to Fig. 7 we would point out that all the 
curves should tend to converge towards the ordinate 
of unity at zero and low frequencies. At zero frequency 
(direct-current) the output voltage is equal to the input, 
less the voltage-drop in the ohmic resistance of the 
chokes due to the current (if any) flowing through 
them. Under the conditions of measurement described 
in the paper the only drop is due to the voltmeter 
current, so that the curves should onlv fall very 
slightly below the unity value. The curve for luF in 
Fig. 7 has been plotted slightly incorrectly, as it should 
not cross the other curves. Measurements at these 
low frequencies, however, are not too easy of execution. 
We are interested to note Capt. Lea's comments on 
double-anode rectifving valves. We have always 
favoured the use of a double-cathode rectifier, the two 
cathodes (hot) co-operating with a single anode. Special 
constructions have also been developed in these valves 
making use of appropriate electrostatic shielding to 
prevent interaction between the two electron paths. 
Some further particulars may be found in the published 
patent specifications relating to these constructions. 

The natural stability or otherwise of the receiver 
itself undoubtedly has an important bearing on its 
functioning in conjunction with a battery eliminator, as 
mentioned by Mr. Watson. A recent paper * bearing 
on this subject may be helpful in influencing the design 
of receivers to work with eliminators. Mr. Watson's 
further suggestion regarding co-operation between the 
various designers and manufacturers is valuable and 
we certainly hope that it will be acted upon. 

Regarding Mr. Turner's criticism of our treatment 
of the filter circuit, we would remind him that, as 
mentioned at the beginning of the paper, our object 
was mainly to examine the filters from an experimental 
engineering standpoint rather than from a mathematical 
one. The statement at the top of page 707, relative to 


* J. E. ANDERSON: Proceeding: of the Institute of Radio Engineers, 1927, 
vol. 15, p. 195. 


the normal d.c. resistances of the filter chokes, was 
intended to refer not so much to the resistance which it 
is desirable for these coils to have, but rather to the 
values normally found in commercial apparatus. As 
a matter of fact, some of the chokes used in the 
tests described in the paper, and the chokes used in 
the apparatus employed for demonstration purposes 
during the reading of the paper, had a resistance very 
considerably below 1000 ohms. A high-resistance 
choke coil, although very often used, spoils the regula- 
tion of the apparatus and also limits its maximum 
output. While we agree with Mr. Turner that the 
single-stage filter is usually not so economical in the 
cost of materials as a properly designed multi-stage one, 
yet there are certain manufacturing advantages in the 
single-stage type. The manufacture of these appliances 
is ruled by many considerations apart from scientific 
ones, and the additional assembly cost of fitting and 
connecting up a multiplicity of small parts may outweigh 
other advantages. A very efficient filter can be built 
with only two stages, but a single-stage one costing less 
to manufacture than the two-stage one will yet meet 
many requirements, particularly if the supply circuits 
are not too noisy. While appreciating the advantages 
of the reversed logarithmic scale for plotting the output 
chacteristics of these filters, we yet feel that the simple 
ratio vv, is a more usefully representative quantity 
from the point of view of the performance of the complete 
battery eliminator as distinct from a theoretical con- 
sideration of the filter itself. We are glad to note that 
Mr. Turner’s figures regarding the attenuation of his 
filters check well with our suggested figures and per- 
missible output values. Regarding rectifying valves, 
since some commercial battery eliminators use valves of 
very limited output we felt the need for suggesting 
that the emission of a suitable valve should not be 
less than 100 mA. This meets the requirements of 
probably the majority of receiving sets, but for really 
efficient results with receivers having three or more 
valves we agree with Mr. Turner that a higher emission 
is desirable. The necessity or otherwise of screening 
the parts of a battery eliminator depends to a great 
extent upon the design of the choke coils, and the extent 
of their stray field. We regret that we can suggest 
no universally effective cure for the inherent instability 
of a 3-valve resistance-coupled set when used with a 
battery eliminator. The presence in the eliminator 
filter circuit of a low-resistance potentiometer resistance 
shunting the output for voltage control tends to some 
extent to reduce the trouble, since it brings about a 
considerable increase in the decrement of the fiter 
circuit and reduces the tendency to oscillation at the 
filter frequency. 

Mr. Rayner's emphasis of the importance of the smooth- 
ing condenser immediately following the rectifving 
valve in an a.c. supply appliance is welcomed. The 
effect of too small a condenser is not only to increase the 
magnitude of the ripple voltage which is impressed upon 
the filter circuit but at the same time to lower the mean 
voltage on account of the larger variations. The 
presence of a fixed load resistance across the output 
undoubtedly tends to improve the regulation, as was 
also mentioned by Mr. Turner. The output charac- 
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teristics of Fig. 12 relate, some to d.c. and some to 
a.c. supply appliances, and of the latter some have 
single- and some double-wave rectification. Quite 
satisfactory regulation can be obtained with single- 
wave rectification if the apparatus is properly designed. 
The percentage of output hum with any given apparatus 
can readily be determined by carrying out a test at 
varying frequencies and plotting the output charac- 
teristics, as we have endeavoured to show in the paper. 
For many purposes a “hum " rating could be added 
to our suggested output ratings, such a figure expressing 
the percentage ripple output/input at some definite 
and stated frequency. For the sake of uniformity we 
would suggest 50 cycles, since this will cover the single- 
wave rectifers, and gives too large rather than too 
small a figure for double-wave ones. It is also a reason- 
ably average figure for d.c. apparatus, since frequencies 
lower than 50 cycles will as a rule not usually be so 
serious in loud-speaker reproduction, and higher fre- 
quencies, which are more common when due to com- 
mutator ripple, will suffer greater suppression than 
the rating figure would indicate. 

Radio receiving sets having the H.T. negative joined 
to the L.T. positive terminals are, as stated by Mr. 
Blake, a great nuisance in many ways. It would be 
a great help if their manufacture could be banned, 
since the very trifling advantage which is possibly 
obtained by the manufacturer of the set is much more 
than outweighed in most cases by the disadvantages. 
We are interested in the suggestion regarding using 
piezo-electrification or permanently electrified wax for 
grid bias, but we are somewhat afraid that the scheme 
is scarcely practicable. The resistance of these sub- 
stances is so high that if they were used alone the 
grid circuit would be open, to all intents and purposes, 
while if a grid leak were added their voltage would be 
short-circuited owing to their inability to pass the 
required grid-circuit current. 

Mr. Scroggie's remarks in regard to the inductance 
of the choke coils are of importance as emphasizing 
the need for attention to the designs of this detail of 
the apparatus. Since the proper functioning of the 
choke may make or mar the complete battery eliminator, 
it should obviously receive every attention. Many 
chokes intended for use in these appliances suffer from 
the defect of having too many turns of fine wire. Not 
only does this increase the d.c. resistance of the coil 
and spoil the regulation of the apparatus, but it also 
implies that the iron core may easily become saturated 
by the direct current flowing through the winding, with 
resultant great fall in the effective inductance of the 
coil. 

The permissible ripple in the output of an H.T. 
supply appliance is, from our experiments as quoted in 
Section (9) of the paper, of the order of 0-1 to 0-2 volt. 
By this figure we do not mean to imply that such a 
ripple voltage is quite inaudible, but that a figure of 
this value does not seriously mar the reception. Mr. 
Woodall’s figure of 0-02 volt appears unnecessarily 
small. It is obviously desirable to reduce the intensity 
of this ripple as much as possible, but the attainment 
of such a small figure may entail unnecessary expense. 
We presume that in Mr. Woodall's reference to a d.c. 


mains unit he is indicating the arrangement shown 
in Fig. 4. We had not intended this diagram to refer 
to d.c. appliances only, nor to imply that the resistances 
R, and R, must necessarily be fixed. It is quite usual 
in these appliances to make one at least of these resist- 
ances variable in value, either continuously or in 
steps, while sometimes one fixed and one or two variable 
ones are fitted to provide several voltage tappings to 
operate the various stages of the radio receiver. The 
use of a generator to provide the H.T. supply which 
is mentioned in Section (17) of the paper, and to which 
Mr. Woodall draws attention, is apt to suffer from the 
defect of introducing further disturbances into the 
radio receiver due to the commutator of the driving 
motor, unless special precautions are taken against this. 
The L.T. accumulator of course still needs charging 
with this arrangement, and the machine also needs 
a certain (though small amount of attention and 
maintenance. A complete battery eliminator (in the 
true sense of the term) operating directly from the 
supply mains represents a more desirable solution in 
our opinion, but the inherent difficulties have not yet 
all been completelv solved. 

We appreciate Capt. Eckersley's remarks regarding 
the desirability of using a really high voltage for the 
radio receiver, but at the same time we are afraid that 
the great majority of listeners to ''broadcast"' will 
not face an annual expenditure as large as he indicates. 
We should imagine that the majority of valve receivers 
are included in the 2- or 3-valve classes, and that using 
the present types of valves, which are economical 
in filament current, the annual expenditure on H.T. 
(dry) batteries, and on L.T. accumulator-charging would 
in these circumstances probably together not exceed 
about £3. The broadcast listener at the present time 
probably thinks more of his pocket than of quality of 
reproduction. This fact accounts also for the number of 
H.T. supply appliances on the market of cheap price 
but often of relatively poor output and quality. 

In answer to Mr. Turle's comments on our figures of 
permissible ripple we would again emphasize how 
much these figures necessarily depend on individual 
circumstances and on the listener’s ear. We think, 
however, that his figure is unnecessarily small and 
consequently expensive to obtain. The variation of 
L.T. voltage due to mains voltage-changes when the 
L.T. supply is derived from the mains is undoubtedly 
a difficulty unless a floating accumulator (Fig. 16b) is 
used, but at present we know of no other way of over- 
coming it unless barretters are used in the filament 
circuit. Their use, however, precludes the possibility 
of changing the number of valves operated from the 
supply appliance unless several, having different current- 
limiting values, are used. 

We agree with Major Binyon as to the desirability of 
constructing foolproof sets which in use will require 
no attention or retuning, and in which are incorporated 
the necessary supply appliances for feeding it from the 
mains. Unfortunately, however, radio did not com- 
mence with a ready-made receiver of this type available 
for general use, and in view of the present industrial 
situation of this country it is doubtful whether the 
majority of listeners would face the cost of changing to 
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such an arrangement. The forms of supply appliance 
at present marketed therefore represent a compromise 
made in an endeavour to meet the needs with the 
least capital expenditure. If to Major Binyon’s figure 
of cost of current consumption is added the cost of 
renewal of the rectifying valves (if any) and the interest 
and depreciation on the expenditure for the apparatus, 
we think that the annual cost of operating the radio 
receiver will tend to approach the one we have mentioned 
above in connection with dry-cell renewals and battery 
charging, although with a well-designed battery elimina- 
tor of reasonable cost it should still be less than that 
figure. The increased convenience and reliability, 
however, are strong additional factors supporting the 
use of the battery eliminator as against batteries. 

Mr. Frost’s suggestion to use differentially wound 
chokes to balance out the d.c. magnetization with 
bridging condensers to enable one half only to be 
effective for the a.c. components is certainly interesting 
but would probably increase the initial cost of the 
apparatus. The use of series-connected filaments for 
all the valves in the receiver is certainly safer when 
the L.T. supply is derived from the supply mains, but 
this necessarily entails either rewiring the receiver or 
using a specially constructed one and is therefore un- 
suitable for the majority of users who already possess 
receiving sets. 

We thank Mr. Tyers for his explanatory remarks 
regarding electrolytic rectifiers of the tantalum type. 
His experiences in this connection are interesting. With 
regard to the smoothing effect of the floating batteries, 
it should be remembered that the internal resistance 
of even quite small accumulator cells is very low com- 
pared with the impedance of any smoothing condensers 
normally used, and also compared with any possible 
values of shunting resistances of the type indicated in 
Fig. 16 (a) The cells also probably possess some 
capacity as well as a low resistance and this should 
assist the smoothing action. Mr. Tyers's mention of the 
experience obtained with the damping action of a steady 


load resistance across the output of the filter, as tending 
to stabilize a resistance-capacity-coupled amplifier with 
an odd number of stages, confirms our suggestion in 
this connection. It is certainly a matter which needs 
careful attention. 

We regret that we do not quite appreciate the basis 
of Mr. Warren's criticism of our deductions in the paper. 
If these filter circuits were used with a rectifying valve 
without any smoothing condenser we could understand 
the basis of his remarks, but in practice a smoothing 
condenser is always used following the rectifier, and 
in such cases the current-flow into the filter is no longer 
discontinuous, and can therefore be resolved by Fourier 
analysis. We would regard this smoothing condenser as 
belonging to the rectifier rather than to the filter, so 
that the consideration of the filter remains practically 
unaltered. Our experiments with these filters support 
this view, and we have found exactly analogous output 
characteristics in both cases—provided, as stated 
above, that the initial smoothing condenser is of suth- 
cient size to prevent interruption of the current-flow 
into the filter. We are glad to note that our suggested 
rating coefficients are appreciated, but we are afraid 
that Mr. Warren’s suggestions for standardized outputs 
for these appliances are rather premature. If anything 
we are, however, a little disappointed that more 
practical suggestions have not been made regarding 
a more complete definition of the performance of these 
appliances. To summarize matters, it would seem 
that the most useful rating coefficients (particularly 
from the point of view of selling the appliances) are 
numbers (3) and (4) of those suggested on page 711, 
coupled with a further figure expressing the percentage 
ripple output at a stated frequency. This last can be 
determined by the methods of measurement we have 
described in the paper, but for simplicity may be 
expressed at the single frequency of 50 cycles, or, alter- 
natively, at both 50 and 100 cycles so as to give some 
additional information as to the increasing attenuation 
in the filter with rising ripple frequency. 
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“DIELECTRIC PROBLEMS IN HIGH-VOLTAGE CABLES.” * 


Mr. R. Liljeblad (communicated): My attention 
has been drawn to Mr. Dunsheath’s paper on the above 
subject, which was published in the Journal in January, 
1926. The problems discussed in the paper, namely, 
the nature of diclectric losses and of the breakdown 
of solid insulating materials, and other dielectric 
anomalies, have interested me for a long time and very 
extensive theoretical and experimental investigations 
regarding these matters have been carried out in the 
laboratory of the Allmanna Svenska Elektriska Aktie- 
bolaget (A.S.E.A.). As long ago as the year 1916 I 
published two papers on the subject in Teknisk Tidskrift, t 
in which, in my opinion, the fundamental principles 
for the solution of these difficult questions were laid 
down. Since my views as given in those papers of 
1916 may be of interest as supplementing Mr. Dun- 
sheath’s paper, I propose to give here a brief abstract of 
them. The anomalous charging and discharging currents 
of a condenser, and the dielectric losses in an alternating- 
current field, have, as is well known, generally been 
explained by assuming an anomalous polarization. 
Previously Maxwell suggested, however, that the ano- 
malous charging current could be explained by absorption 
in a non-homogeneous dielectric. It is this last assump- 
tion that I, like Mr. Dunsheath, have tried to develop. 
There were several experimental facts which led me to 
start from that assumption. The dielectric constants 
are nearly independent of the temperature. For 
instance, if the dielectric losses increase by 1 000 per cent, 
the conductivity, measured with direct current, increases 
in about the same proportion, but the dielectric con- 
stants only increase by about 15 per cent. It is not 
easy to explain why an anomalous polarization should 
be dependent to such a great extent on the temperature, 
when the normal polarization, ie. the diclectric con- 
stant, is practically independent of the temperature. 
Experiments giving direct evidence that the anomalous 
charging and discharging currents depend at least 
partly upon absorption in the dielectric were also 
made. As is well known, the usual charging and 
discharging experiments on a condenser can be ex- 
plained on the absorption theory equally as well as 
on the polarization theory. The experiment can, 
however, be modified as follows. The condenser is 
first charged, then the condenser plates are removed, 
discharged, and replaced in their original positions. 
Aíter a while if they are again removed it will be found 
that they have received a charge, which can only be 
explained on the assumption that a charge originally 
absorbed by the dielectric has passed to the plates as 
a conduction current. The fact that the dielectric losses 
at high temperatures are practically independent of 
the frequency and, for most materials, when carefully 
investigated do not, as is generally assumed, appear to 
consist of a constant component and another component 

* Paper bv Mr. P. Dunsheath (see vol. 64, pages 97, 125 and 771). 

f “Det elektriska fältet och de dielektriska förlusterna,” Teknisk Tidskrift 
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proportional to the frequency, but on the contrary vary 
in a more complicated manner, confirmed me in my 
opinion. I assumed the solid dielectric to consist of 
various layers having different dielectric constants and 
conductivities. This is also the case with a number of 
laminated insulating materials usually employed, for 
instance, bakelized paper products and various kinds 
of insulations used for cables, also varnished cloth 
insulation and mica products. In other cases, or in 
material that seems to be isotropic, a microscopic 
investigation will disclose a grainy structure. Therefore 
it is natural to assume that particles of a higher conduc- 
tivity are embedded in a material of less conductivity. 
Qualitatively, at least, a material of this structure must 
correspond to a laminated material. Assuming a con- 
denser to be formed of laminated material, it is easy to 
prove that the electric stress will be distributed equally 
over all pairs of layers. Consequently the losses and 
the charging and discharging currents, etc., of the 
condenser will not be changed if all the layers of each 
kind are respectively grouped together. In other words, 
it will be equivalent to a condenser having a dielectric 
composed of two different layers of thicknesses a, and dp, 
dielectric constants €, and €, and two conductivities 
9; and o, respectively. Let the field strengths in the 
two layers be E, and E,, and the electric displacements 
D, and D, respectively, and let the voltage across the 
condenser be V. If the conductivities are infinitely 
small, the stresses in the dielectric may easily be calcu- 
lated in the usual manner. 
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Owing, however, to the fact that the insulating 
material has also a certain conductivity, the distribu- 
tion of the potential is different. Assuming a constant 
direct current in the dielectric of the condenser, the 
current density 7 must be the same in different sections. 
If, however, the current is a function of the time, by 
Maxwell’s theory the above current density 2 is increased 
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is the resultant vector whose divergence is always zero, 
and not the divergence of 4. 
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1 ôD . 1 ôD, sions for the charging and discharging currents will 
M 4+ in Sp 42 OE consist of the sum of a number of different e-functions. 
Thus it is possible with very plausible assumptions 
" ds e, ôE, AR f. bE, (4) | to explain all the different kinds of curves obtained 
7173 7 am Bt 2 Am O0 —— 7 experimentally. We now assume an a.c. potential 
V = Vo sin 2zft across the condenser. From equations 
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where V is an arbitrary function of the time. 
From (4) and (5) we get 
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If we assume that a constant voltage V = Vo is 
:suddenly applied, we get from equations (5), (6) and (7) 
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A corresponding expression is obtained for E,. 
When ¢ = œ, we get 
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‘Thus we find that after a certain time the potential 
«distribution is determined by the conductivities and 
not by the dielectric constants. The result is that as 
long as the potential distribution is determined by the 
. dielectric constants the current densities will be different 
-dn the two insulating materials. Thus the border surface 
between them will receive an electrical charge, which will 
increase until the current densities on both sides of the 
border are the same, and this is the case when E, and 
„Æ, have reached the values given by equations (9) 
.and (10). Now we can easily calculate also the charging 
. and discharging currents of the condenser. If the 
.area of the electrode plates is A, we get from equa- 
tion (4) an expression for the current J flowing to the 
. electrodes, namely, 
B € OE, os) 
I= A(o,E, + — "PETS 


From this we get (if Vo is the constant charging 
: voltage) the charging current 


Iq 010» 


A — oa + 020, 2 


<4 MMe eal yp ll 
(E102 + ext)? (9442 + 030) : zx 
; and the discharging current 
I a,d5(€,7, — €03)? 
d = — ir Toy ; Vo. (12) 
: (01% + 054,) (€443 + €20) 


Assuming the dielectric to consist of more than two 
. different materials, it is easy to prove that the expres- 
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and a corresponding expression for E,. The last term 


can be omitted when stationary conditions are reached. 
The losses P in the condenser are given by 
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= the losses per cm? at unit strength of field. 
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On the other hand we have 
SE, 
dt (19) 


If E, determined from equation (13) is inserted in 
equation (15) we get from equations (14) and (15) 
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The result is shown graphically in Fig. A. As the 
dielectric constants vary only slightly with the tempera- 
ture, they are assumed to be constant and equal to 5 
(using electrostatic units). Further, I have taken 
ao, = 100 o. It has been assumed that og and, conse- 
quently, also c, steadily increase as the temperature 
rises. Also, a, has been assumed to be equal to a,. 
The ordinates in Fig. À correspond to the resultant 
conductivity, i.e. the power loss per cm? at a field 
* The formula given in my paper in Teknisk Tidskrift, 1916, is a little more 


complicated. 1 found after publishing the paper that the expression could be 
simplified if it were reduced by a polynomial. 
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strength of 1 electrostatic unit. The abscisse corre- 
spond, on a different scale, to the different conductivities 
of the laminated structure. These increase, however, 
continuously with the temperature, and therefore the 
abscisse also correspond approximately to the tempera- 
ture. The difference is chiefly that as the temperature 
is raised the ohmic conductivity of a homogeneous 
material generally increases more rapidly than the 
temperature. Consequently, curves plotted with tem- 
peratures as abscisse will slope upwards more steeply. 
Curves obtained in such a manner will, however, show 
a surprisingly close correspondence to many curves 
obtained experimentally, including those given in 
Mr. Dunsheath's paper and in the discussion that 
followed. At a certain temperature the power losses 
wil be at a maximum and at a somewhat higher 
temperature a minimum value is obtained. At higher 
frequencies these maximum and minimum values 
occur at higher temperatures. In all these respects 
the calculated and the experimental curves agree one 
with the other. By introducing more than two layers 
of material still further properties of the experimental 
curves may be proved. At first sight it seems un- 
doubtedly strange that the ohmic losses can decrease 
when the conductivities of the two materials constituting 
the dielectric are increased in the same proportion. 
Obviously the explanation lies in the fact that at a 
low value of the conductivity the potential differences 
across the various layers are determined solely by the 
dielectric constants. When the conductivities have 
reached a certain value relatively to the dielectric con- 
Stants and the frequency, the potential differences across 
the respective layers are changed to such an extent that 
the losses in the material of higher conductivity, which 
at the start predominated, decrease considerably in 
spite of the increase in the conductivity, and this decrease 
more than compensates for the greater losses in the 
material of lower conductivity. At a stil higher 
temperature, however, the losses once more increase 
because the potential across, and the losses in, the 
material of higher conductivity are equal to zero, 
whilst the losses take place exclusively in the other layer 
of the dielectric where they, as in a homogeneous 
material, increase in proportion to the conductivity. A 
direct proof, on a larger scale, of the fact that the 
conductivity of some parts of an insulating material 
can increase to such a degree that these parts act almost 
as a short-circuit for the voltage, was obtained from 
condenser bushings of bakelite paper. In hot oil 
such as occurs in some transformers the dielectric losses 
increase very greatly, so that the bushings cannot 
stand continuously the normal voltage, although they 
may have easily withstood for one minute five times this 
voltage. As a result of the theory and investigations 
given above, in 1916 I changed the.construction so 
that a thin sheet of mica was introduced in each layer 
of the condenser bushing.* At normal temperatures 
the losses in the composite bushing were a little higher 
than in the pure bakelite bushing, but at 90°C. they 
were only about a tenth of the losses with the latter. 
This can only be explained by the fact that nearly all 
the voltage is across the mica, in which the losses are 


* This construction was patented in Sweden in 1916, 


practically independent of the temperature. This result 
of the new theory has, in fact, made it possible for the 
A.S.E.A. to construct condenser bushings that in hot 
oil can withstand considerably higher voltages than any 
other condenser bushing of European or American 
manufacture that we have had the opportunity of 
testing. 

A matter mentioned by Mr. Dunsheath is the curious 
fact that, though the losses at very high temperatures 
are practically independent of the frequency, this seems 
sometimes not to be true close to f = 0, i.e. for direct 
current. In my opinion this is very often accounted for, 
at least partly, by the fact that the insulating material 
does not adhere to the electrode plates, so that there is 
a thin film of air close to the electrodes. Tests made 
in the A.S.E.A. laboratory on bakelized paper bushings 
where the paper is baked to the electrodes have shown, 
for instance, that the difference is nothing like so high 
as is indicated in Mr. Dunsheath's paper. For a bushing 
at a temperature of 100? C. and with 5 000 volts, the 
loss measured was 5-4 watts at 60 cycles and 4:1 watts 
at 20 cycles. Measured with direct current at 500 
volts and calculated for 5 000 volts in proportion to 
the square of the voltage the losses were 2-9 watts, 
which is nearly what would be expected by extra- 
polating the curve to f — 0. Even assuming that 
there is no film of air at the electrodes, we know 
that solid bodies are composed of small grains and 
fibres and, if we suppose the non-homogeneity assumed 
in the theory to reside inside these grains, we must 
add the contact resistances between the grains. In 
reality this would give about the same result as if we 
had a thin film of air or vacuum close to one electrode 
plate of our condenser. If this film is so thin that the 
capacitative voltage-drop in it for the total current is 
small compared with the total voltage across the con- 
denser, the film will have no influence on the result of 
the alternating-current test. With direct current or 
alternating current of very low frequency the case will 
be different, because the ohmic conductivity of the film 
may be very small. 

The other question discussed by Mr. Dunsheath is 
the nature of the breakdown of solid insulating materials. 
I do not propose to go further into this matter, but I 
should like to point out that I have already proved, 
in the articles mentioned above, that, at any rate in 
our common insulating materials such as bakelized 
paper and other kinds of varnished paper, breakdown 
is generally a purely thermal phenomenon. Later 
investigations at the A.S.E.A. laboratory have proved 
that this is very probably the case up to electric stresses 
of about 400 kV/cm. I believe that the objections 
which have been raised to the thermal theory are largely 
due to Mr. Wagner's method of expounding it when it 
was first taken up in Germany and America, 6 years 
later than in Sweden. In a paper read before the third 
Nordic Electrotechnical Conference in Oslo in June, 
1926, and published in English in the A.S.E.A. Journal 
in November, 1926, I gave a brief account of the 
investigations into these questions during the last 11 
years by the A.S.E.A. 

Mr. P. Dunsheath (in reply): Although it is now 
rather late to discuss my 1925 paper in view of the rapid 
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progress that is being made in the subject, Mr. Liljeblad’s 
contribution brings out points which were not raised 
in the original discussion and consideration of which will 
add to our knowledge of this important field of work. 
He commences by showing the curious effects of tem- 
perature variation on a.c. loss, d.c. conductivity and 
dielectric constant, and discusses a case where the a.c. 
losses and the d.c. conductivity increase 1 000 per cent 
owing to a temperature-rise which only causes an increase 
of about 15 per cent in the dielectric constant. I 
think a still more enlightening phenomenon is the effect 
of an increase in temperature from, say, 20? C. to 40° C. 
in an impregnated cable. Over this range the a.c. loss 
actually falls while the d.c. conductance increases. 

I do not entirely agree with Mr. Liljeblad's deductions 
from the experiment with the condenser. He describes 
the old Franklin experiment in which the removable 
coatings of a Leyden jar are taken away, discharged 
and, after being restored, again reassume a charge. He 


AV sin 2zft 


Therefore the power loss — AV: 


assumes that this proves absorption in the dielectric, 
but, as Mr. Addenbroke has pointed. out,* this is no 
evidence of absorption. The charge may be held by 
a film of moisture which remains on the surface of the 
dielectric after the removal of the electrodes. 

The study of a dielectric from the standpoint of its 
grain structure as adopted in Mr. Liljeblad’s contribution 
and previously by Wagner is, of course, valuable. I 
have found, for instance, that power-factor measurements 
on rubber mixes with dispersed carbon black, and on 
printing inks in which different types of pigment have 
been employed, are very useful in demonstrating some 
of the electrical phenomena of a “ grainy " dielectric. 
Mr. Liljeblad assumes that such a dielectric can be 
simulated in its electrical properties by an assembly 
of two layers only, but I am not sure that this simplifi- 
cation is entirely justified. The charging current of an 
absorptive dielectric is composed of a number of tran- 
sients with different time-constants :— 


Ae-*! + Be- + Cet +... 


whereas the charging current of a two-layer dielectric 
is a much simpler matter. The physical interpretation 
of this seems to me to be that the charging current for 
grains low in the mass passes partially between grains 
in the upper part and not altogether through them. 
I think, therefore, that the mathematical expressions 
(1) to (16) obtained by Mr. Liljeblad will have a more 
limited validity than he assumes, although the general 
conclusions appear to tally qualitatively with known 
experimental facts. The outcome of the analysis forms 
* Philosophical Magazine, 1922, vol. 43, p. 489. 


a very interesting and valuable explanation of the “ V ” 
curve and explains in a manner which I have not seen 
before the existence of a maximum value for the losses 
at a lower temperature than the minimum point. Mr. 
Emanueli in the discussion on my paper (see vol. 64, 
pages 126 and 127) pointed out the experimental exist- 
ence of this maximum, and the phenomenon has also 
been referred to by previous investigators. The deflec- 
tion of the maximum and minimum points to the right 
on the temperature scale, to which Mr. Liljeblad 
refers, is also clearly shown in Mr. Emanueli's curves. 

Adopting the method of analysis of Mr. Liljeblad the 
formula for the specific loss can be obtained more simply 
as follows :— 

M dy 

The current J = A(o,E, + iz &/ 

Inspection of equation (14) gives the term in phase 
with the voltage as follows :— 


40,0, (04% + 0204) + €» f° (Eag + E20) + f*a;€i(e,0, 
4(0,0$ + 030)? + f*(e1a5 + €20)? 
400301 + 0,2,) + f lazo} + 22 | 
4(o 42 + 052)? + f*(e,a$ + €204)? ; 


— € 
e| since 47 cancels out. 


and the loss per unit gradient per cm? will be this quan- 
2 

tity divided by m which gives immediately the 

equation for g E the text. I am indebted to Mr. 

Whitehead of the Electrical Research Association for 

this suggestion for the simplification of Mr. Liljeblad's 

analysis. 

Mr. Liljeblad suggests that the dependence of losses 
upon frequency at high temperature and the zero 
frequency shown in Figs. 36 and 42 of my paper (vol. 64, 
pages 115 and 118), is due to a discontinuity between 
the dielectric and the electrode or, in the case of a 
cable, between the impregnated paper and the sheathing. 
By the same reasoning the phenomenon may be con- 
nected with the existence of voids within the dielectric 
or, to carry the matter a step further, may be accounted 
for by any lack of homogeneity whatever in the dielectric. 

The question of the thermal theory of breakdown 
introduced by Mr. Liljeblad in the last paragraph 
of his communication is, of course, a very wide one aud 
is scarcelv suited to full discussion here. I will, however, 
make one point in connection with it. We know that, 
in the general run of high-voltage cables, temperature- 
changes will travel through the mass of the dielectric 
in a matter of a few hours. If breakdown, then, is 
entirely a thermal question, one would not expect 
time/voltage curves to continue beyond, say, a few days, 
whereas it is common knowledge that they do actually 
continue over weeks and months. In view of this fact, 
considerations other than purely thermal ones must be 
taken into account in explaining breakdown. 
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ILLUMINATING ENGINEERING. 
By Joun W. T. Wars, M.A., D.Sc., Associate Member. 


[Paper first received 6th October, and in final form 9th November, 1926; read before THE INSTITUTION 3rd March, 
before the NORTH-WESTERN CENTRE 8th March, before the SourH MIDLAND CENTRE 9th March, and before 


the MERSEY AND NorTH WALES (LIVERPOOL) CENTRE 21s£ March, 1927.) 


SUMMARY. 


The wide range of subjects, physics and engineering, 
physiology and psychology, coming within the purview of 
the illuminating engineer is pointed out. A brief résumé of 
the recent rapid progress in illumination is followed by a 
description of fundamental principles; in particular the use 
of the modern conception of luminous flux in illumination 
calculations is described. 

‘The chief requirements of a lighting system are that the 
lighting should be both adequate and suitable. It is pointed 
out that, in the past, adequacy has generally been emphasized 
to the neglect of suitability. It is, however, difficult to 
overestimate the importance of the latter factor in good 
lighting and it is dealt with in some detail under the following 
headings :— 

(a) Freedom from glare and excessive contrast in the field 

of view. 

(b) Adequate but not excessive diffusion. n 

(c) Correct colour. 

(d) Correct proportion of local and general lighting. 

As an example of the application of the results of a psycho- 
logical investigation to a practical lighting problem, a 
description is given of a method of so designing a street- 
lighting system that the glare may not exceed a certain 
specified limit. 

In conclusion the opinion is expressed that the present 
lighting load could be at least quadrupled, with immense 
benefit to the community. 


INTRODUCTION. 


Iluminating engineering may be defined as that 
branch of applied science which deals with the genera- 
tion, distribution and use of visible radiation. 

The first division of the subject demands of the 
iluminating engineer a knowledge of general physics, 
particularly as regards radiation, and it is clear that 
in all cases where electric lighting is concerned a training 
in electrical engineering is equally essential. 

The distribution of light is the most specialized part 
of the subject, dealing, as it does, with such matters 
as the design of reflectors and fittings and the planning 
of installations to give a predetermined illumination. 

The last division of the subject is by far the most 
complex of the three, and it is here that illuminating 
engineering differs most from other branches of applied 
science. For light can be used only by the eye. The 
eye, therefore, is the final judge of the performance of 
any lighting system. The illuminating engineer must 
keep constantly before him the fact that the true 
appraiser of his efforts is the human eye. He must 
carefully study the eye, its likes and dislikes, its 
behaviour under all varieties of lighting conditions, its 
response to all degrees of stimulation, the extent of 


its variation from one individual to another, and the 
effect upon it of such external factors as age, refractive 
errors and others over which he can have not the 
slightest control. In other words, the true illuminating 
engineer must have: a good working knowledge of 
physiology and psychology, at least as far as they deal 
with this particular one of the special senses. 

This apparently exacting demand is, when rightly 
appreciated, one of the chief attractions of the subject. 
The student who takes up the study of illumination is 
probably brought into touch with a wider range of 
subjects than is the case in any other branch of engi- 
neering. He has to learn from the architect, the 
ophthalmologist and the psychologist—particularly the 
industrial psychologist—as well as the engineers dealing 
with the different sources of power which are employed 
for lighting at the present time, and it is the purpose 
of the present paper to show, as far as possible within 
a limited space, the manner in which the three great 
subjects of engineering, physiology and psychology 
have to be combined in the practice of the modern 
illuminating engineer. 

First, however, it may not be altogether out of place 
to give a brief historical survey of the subject and to 
review its remarkably rapid development within the 
last two decades. 


HISTORICAL. 


It is interesting to notice that the pioneer work in 
illumination was done in this country some 40 years ago 
by a past-president of this Institution, the late Sir 
William Preece. Mr. A. P. Trotter tells in his book * how 
he was associated with Sir William in what was probably 
the earliest set of illumination measurements ever made. 
The instrument used for the purpose has been described 
in many places and was the precursor of what is now 
universally known as the Trotter photometer. There 
is little doubt that it was the first instrument ever 
designed for the special purpose of measuring illumina- 
tion, although shortly afterwards portable photometers, 
Originally designed for the measurement of candle- 
power, were adapted to measure illumination as well. 

The first paper dealing specifically with what is now 
known as illuminating engineering was read by Mr. 
Trotter before the Institution of Civil Engineers in 
1892.¢ Since that time the subject has progressed 
with an apperently ever-increasing rapidity. The 
early years of the present century witnessed the forma- 
tion of technical societies to foster the progress of 
illuminating engineering both nationally and inter- 


* “Illumination, Its Distribution and Measurement” (Macmillan, 1911), 


p. 201. 
t Proceedings of the Institution of Civil Engineers, 1892, vol. 110, p. 69. 
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nationally. The first national body of this kind to be 
formed in Europe was the Illuminating Engineering 
Society founded in this country in 1909. The inter- 
national body was formed in 1913 by enlarging the 
scope of the already existing International Photometric 
Commission so as to embrace the whole subject of 
illumination in all its aspects. 

The organization of this new Commission, the 
International Commission on Illumination, was not 
unlike that of the International Electrotechnical Com- 
mission. National Illumination Committees were formed 
in most of the principal countries of the world and 
these submitted papers and sent delegates to the 
triennial plenary sessions of the Commission. Unfortu- 
nately, the work was interrupted, almost before it had 
begun, by the outbreak of the war, but a fresh start 
was made in 1921 and a second post-war session was 
held in 1924. Since then, international relations have 
improved sufficiently to make the Commission’s work 
considerably easier, and there is little doubt that the 
next meeting will be attended by delegates from at 
least 10 different countries. 

Leaving the international aspect and turning once more 
to the progress made in this country, reference must 
now be made to the work of the National Illumination 
Committee. This Committee is formed of representatives 
of this Institution, the Institution of Gas Engineers, 
the Illuminating Engineering Society and the National 
Physical Laboratory. Its principal function is to act as 
the national constituent body of the International 
Commission, but it is also empowered to undertake 
any work for the furtherance of good lighting in the 
national interest. About 3 years ago it became clear 
that there were several directions in which some measure 
of standardization would be of immense value to the 
lighting industry, and the National Illumination Com- 
mittee therefore approached the British Engineering 
Standards Association with a suggestion that it should 
undertake the work of standardization in such branches 
of illuminating engineering as seemed to be sufficiently 
advanced for the purpose. This was agreed to, and a 
sectional committee of the B.E.S.A. was formed under 
the chairmanship of Lieut.-Col. Edgcumbe to direct 
the preparation of British Standard Specifications for 
illumination materials. 

While these developments were in progress along the 
lines of standardization and practical application, the 
more purely scientific aspect of the subject was not 
neglected. As a result of representations from various 
quarters, the Department of Scientific and Industrial 
Research in 1923 set up an Illumination Research 
Committee with terms of reference which were wide 
enough to cover every aspect of the subject as far as 
could be foreseen at the time. It was clearly necessary 
that the composition of the Committee should be 
similarly wide and that it ought to number among its 
members not only engineers and architects but also 
some whose experience lay more in the realms of 
physiology and psychology. Itis greatly to the credit of 
the Department responsible for the appointment of this 
Committee that this most important matter was realized 
and was given adequate recognition from the very 
first, and the remarkably wide range of interests repre- 
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sented in the membership of the Committee has resulted 
in the formulation of an exceedingly well-balanced 
programme of research. This programme may, perhaps, 
be divided roughly into two classes dealing respectively 
with the more purely scientific and the more purely 
practical aspects of illumination. 

It wil be clear that, in every rapidly developing 
branch of engineering, the problems presented fall 
roughly into two main groups. There are the really 
deep-lying and fundamental problems ; there are also 
the more restricted problems which arise in the course 
of the illuminating engineer’s daily work. The first 
group is of immense practical importance, but the work 
is costly and progress often slow. Only long, persistent 
effort will in the end, give the information which is 
desired. The so-called '' practical man ” is often tempted 
to neglect this side of research work and concentrate 
on the smaller problems which can be solved more 
quickly and which will bring immediate returns. The 
true course is, surely, that neither type of problem should 
be neglected for the other but that both should proceed 
side by side if true and solid progress is to be made. 

Among the fundamental researches now in progress 
under the auspices of the Committee, the following 
may be mentioned :— 

(i) The principles governing the phenomenon of 
glare. This is an extremely difficult and complex 
subject, as anyone realizes who has made any attempt 
to lay down rules for the avoidance or limitation of 
glare in lighting. 

(i) The effect of fenestration on the lighting of 
deep rooms with limited window height, and the 
manner in which the illumination may be improved by 
internal decoration. 

(iii) The effect of degree of illumination om ease of 
performing fine work. This is a subject which has 
often been investigated, but generally the results have 
been complicated by the fact that the system of 
illumination has been changed at the same time as the 
intensity. Moreover, there can be no doubt that the 
optimum value of illumination depends on the nature 
of the work, so that it is only by long and extensive 
study that a really adequate schedule of illumination 
values for the principal types of work can be evolved. 

The smaller problems of immediate practical im- 
portance which have so far been investigated by the 
Committee are :— 

(iv) The effect of the position of the lamp filament 
in a certain very widely used type of industrial reflector. 

(v) The distribution of brightness over the surface of 
opal glass bowls and similar fittings used for semi- 
indirect lighting. 

(vi) The transmission factors of a number of different 
kinds of commercial window glass, including the pris- 
matic glasses used for increasing the light in basement 
rooms and similar situations. 

(vii) The reduction of glare in street lighting. This 
important practical problem is closely related to (i) 
above. It will be referred to again in the last section 
of this paper as an example of the way in which 
scientific research and practical application must go 
hand-in-hand in illuminating engineering as in every 
other progressive branch of technical work. 
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It may be thought that too much space has been 
devoted to what is apparently purely historical matter, 
but it will at least serve to demonstrate the rapidity 
with which illuminating engineering has achieved an 
important place among the branches of applied science. 
This rapidity is doubtless due in no small measure to 
the enormous improvements which have taken place 
in the means available for artificial lighting. These 
improvements have, in fact, outstripped our knowledge 
of the way in which to use them to the best advantage, 
and if the first section of this paper has served to show 
the large amount of leeway that remains to be made 
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Fic. 1.—Polar curve of vacuum lamp in a plane passing 
through the axis. 


up, it will have fulfilled the purpose for which it was 
principally written. i 


UNITS AND DEFINITIONS. 


Before going on to describe the methods by which 
illumination is measured and the principles governing 
good lighting, it is desirable to define briefly the principal 
quantities employed in illuminating engineering, and 
the units in terms of which they are generally expressed. 

Familiar to everyone is the term '' candle-power,” 
which may be defined in general terms as the capacity 
of a source of light to act as an illuminant in some 
particular direction. The name is an unfortunate one 
since it includes that of the unit in terms of which it 
is measured, viz. the candle. It is, however, widely 
used in the literature of the subject and it will doubtless 
be a long time before it is entirely superseded by the 
preferable term “ luminous intensity.” Strictly speak- 
ing, the candle-power of a source is its luminous intensity 
expressed in candles, i.e. in terms of the internationally 
agreed unit, the candle. Thus it is correct to say that 
the luminous intensity of a certain lamp is 16 candles, 
or that its candle-power is 16. “ A 16 candle-power 
. lamp ” is also a convenient form oí expression, 


It will be seen that the above definition of '' luminous 
intensity " or '' candle-power ” necessarily refers only 
to the light-giving power of a source in a single direction. 
Now it is a matter of common experience that in the 
case of most sources the candle-power is different in 
different directions. In a tungsten-filüment vacuum 
lamp of the ordinary type, for instance, the candle- 
power in the direction of the lamp axis may be only 
about one-third or one-quarter of that in directions 
perpendicular to this axis. When careful measure- 
ments are made on the bench, moreover, it is found 
that the candle-power is not exactly the same even in 
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Fic. 2.—Polar curve of vacuum lamp in a plane perpendicular 
to the axis. 


all directions perpendicular to the axis. Figs. 1 and 2 
show diagrammatically, in what are generally called 
“ polar curves," the manner in which the candle-power 
of a tungsten lamp varies (a) in a plane passing through 
the axis, and (b) in a plane perpendicular to the axis. 

So long as electric lamps were more or less standardized 
in filament form, the shapes of the polar curves of 
light distribution varied only slightly from specimen to 
specimen. It was therefore customary (and quite 
satisfactory) to rate a lamp in terms of its mean candle- 
power at right angles to the lamp axis, i.e. the mean 
horizontal candle-power. When, however, the modern 
gasflled lamp was introduced the filament was no 
longer invariable in form, but assumed a number of 
different shapes each of which gave its own peculiar 
form to the polar curve. It followed at once that the 
rating of lamps in terms of the candle-power in some 
particular direction was unsatisfactory and, to a large 
extent, meaningless. The only logical basis for a rating 
under such conditions was that of the average value of 
the candle-power measured in all directions in space 
or, what was clearly equivalent to this, the total light 
output from the source, quite irrespective of the manner 
in which the light was distributed. 
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The latter of these alternatives was the one generally 
adopted, and it is now customary to rate light sources 
in terms of their “ luminous flux " output measured in 
" lumens.” Since this system of rating and the con- 
ceptions involved in it are comparatively new, at any 
rate in this country, a few words of description may not 
be altogether superfluous. 

What is emitted by any source of light is radiant 
energy in the form of waves capable of being appre- 
ciated by our eyes as light. The eye appraises this 
energy variously according to the wave-length in which 
it is conveyed, the maximum visual effect being produced 
at a wave-length of 555 milli-microns. Thus by appro- 
priately weighting each wave-length, the rate of energy 
emission from a source can be expressed in terms of 
visual effect or, in other words, in terms of luminous 
flux. 

The lumen is defined as '' equal to the flux emitted 
in unit solid angle * by a uniform point source of one 
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Fic. 3.—A rea of surface of sphere of unit radius = 47 = total 
flux of light from a source of unit m.s.c.p. 


international candle." A clear idea of the meaning of 
& lumen may best be obtained, perhaps, by imagining 
a point source of which the luminous intensity is 1 candle 
in every direction. If such a hypothetical source be 
placed at the centre of a sphere from which there has 
been removed an area equal to the square of the radius 
(see Fig. 3), and if all reflected light be neglected, the 
light flux which escapes from the opening in the sphere 
is equal to 1 lumen. If, now, the unit source be 
replaced by one having a luminous intensity of J candles 
in every direction lying within the cone shown shaded, 
the flux emitted within this cone is I lumens, and 
clearly this is equally so if the average luminous intensity 
in this cone be I candles. It will be seen at once that, 
since the area of the whole surface of a sphere is 47r?, 
the luminous flux emitted by a source is equal to 471, 
where I is the luminous intensity if this is the same in 
all directions, or the average luminous intensity if the 
distribution be non-uniform (the practical case). This 
average luminous intensity in all directions in space is 


* The unit of solid angle, sometimes called the “ steradian," is the angle 
Subtended at the centre of a sphere by an arca of the spherical surface equal 
to the square on the radius. 


often termed the mean spherical candle-power, so that 
it may be stated concisely that the luminous flux output 
in lumens is equal to the mean spherical candle-power 
multiplied by 47r. 

It will be seen later that the conception of luminous 
flux is very useful in illuminating engineering, partly 
because it leads quite naturally to a most convenient 
definition of illumination. The old definition of this 
quantity and of the unit in which it is measured, the 
foot-candle, were based on the definition of luminous 
intensity and on the inverse-square law stated in some 
such terms as these—‘ the illumination of a surface 
due to the light which it receives from a source, varies 
inversely as the square of the distance between the 
surface and the source, so long as this distance is large 
compared with the linear dimensions of both source 
and surface." The unit of illumination, the foot- 
candle, was defined as the illumination produced at 
the surface when the luminous intensity of the source 
was 1 candle and the distance between source and 
surface was 1 foot, the additional proviso being made 
that the surface was so placed as to be normal to the 
light it received. This proviso is clearly necessary, 
since the amount of light reaching any given element 
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Fic. 4.—The cosine law of illumination. 


Area of surface B inclined at angle a to light rays = area of A x (1/cos a). 
Illumination of B = illumination of A x cos a. 


of area must necessarily vary as the cosine of the angle 
which the light rays make with the normal to the surface 
—the cosine law of illumination (see Fig. 4). 

As stated above, the definition of illumination may 
be simplified by using the conception of luminous flux. 
For, returning again to the illustration of the sphere 
with a point source placed at its centre (Fig. 3), it 1 
clear from the original form of the definition of the 
foot-candle given above that if the luminous intensity 
of the source be 1 candle and the radius of the sphere 
1 foot, the illumination of the interior surface of the 
sphere (reflected light being neglected) is everywhere 
equal to 1 foot-candle. But the area of the surface 
defined by the shaded cone is in this case 1 square foot, 
and the flux reaching it is 1 lumen. It is clear, there- 
fore, that the illumination of a surface may be defined 
as the flux density, or flux per unit area, reaching that 
surface, the foot-candle thus being equal to 1 lumen 
per square foot. l 

In the early days of illuminating engineering, illu- 
mination values were invariably calculated by means 
of the inverse-square and cosine laws, and the methods 
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employed for carrying out such calculations have been 
described in most of the early papers on the subject. 
At the present time, however, the more usual pro- 
cedure, at any rate in planning a general lighting 
system, is to multiply the area to be lighted (A square 
feet) by the illumination (E foot-candles). The useful 
flux required is thus AE lumens. A “utilization 
factor " (U) is then applied to convert the '' useful" 
lumens to the lumens actually emitted by the lamps. 
The value of the factor U ranges from about 0:2 to 0-6 
according to the shape of the room to be lighted, the 
tone of the internal decoration, and the system of 
lighting employed. The luminous flux output required 
is thus AE/[U and the number and rating of the lamps 
are chosen accordingly. 

This is a very scanty description of the method now 
used for carrying out calculations of illumination, but 
it will serve to show the advance which has been made 
since the time when it was necessary to calculate an 
illumination curve for each source, to find the effect of 
superposing such curves in various possible arrange- 
ments, and, finally, to allow for the reflected light as 
far as experience permitted. 

There is still one fundamental photometric quantity 
which it is necessary to define, viz. brightness. Much 
confusion has been caused by failure to appreciate the 
fundamental distinction between brightness and illu- 
mination, yet the two are quite distinct and should 
never be confused. Illumination is the surface density 
of flux received, and is naturally quite independent of 
the nature of the surface. Brightness, on the other 
hand, is a function of the flux emitted, whether the 
emission be a true self-emission as in the case of an 
incandescent body, or reflection-emission as in the case 
of a surface visible by reason of the light it receives 
from some iluminant and reflects to the eye of the 
observer. 
as luminous intensity, and has been thus defined :— 


'* The brightness, in a given direction, of a surface 
emitting light is the quotient of the luminous 
intensity, measured in that direction, by the area of 
this surface projected on a plane perpendicular to 
the direction considered. The unit of brightness is 
the candle per unit area of surface.” 


It will be seen, then, that the most natural method of 
regarding the brightness of a surface is to identify it 
with the luminous intensity of that surface per unit 
area. There is, however, a further conception which, 
on account of its frequent convenience in illuminating 
engineering calculations, must be considered here. 

It is common practice to divide surfaces roughly 
into two classes, viz. matt or diffusing, and polished or 
specular. The latter, most nearly exemplified by a 
polished surface, reflect all the light they receive, in 
accordance with Snell's law of specular reflection. 
Every incident ray gives rise to a single reflected ray 
and no more. Diffuse reflectors, approximately exempli- 
fied by such surfaces as magnesium oxide or carbonate, 
behave quite differently, however, and redistribute 
the light which they receive so that, whatever be the 
direction of this incident light, the brightness of the 
surface is the same no matter what the direction of 


Brightness, in fact, is of the same nature- 


view. As a matter of fact, no such surface exists in 
nature and even those which most closely approach this 
theoretical condition show very large divergences 
from the ideal when the incident light strikes the surface 
very obliquely. The conception is, nevertheless, a 
useful one, for it is clear that the brightness of any 
surface whatever may be measured in terms of the 
brightness of an ideal diffusing surface which reflects 
all the light it receives and which bas a specified illu- 
mination. Actually such a system of brightness units 
is in use in America, and if the illumination of the 
ideal surface be 1 foot-candle, the corresponding 
brightness is 1 foot-lambert.* 

It is easy to show that if a surface have a uniform 
brightness of 1 candle per square foot it emits altogether 
7 lumens per square foot. Hence it follows at once 
that its brightness is zr foot-lamberts. The following 
relationship between the two units therefore holds :— 


. 1 candle per square foot = r foot-lamberts. 


The only other definitions which are commonly 
used in illuminating engineering are those of reflection, 
absorption and transmission factors. The first of 
these is as follows :— 


*' The reflection factor of a body is the ratio of 
the flux reflected by the body to the flux incident 
upon it.” 


This definition is sufficiently self-explanatory and the 
definitions of absorption and transmission factors are 
exactly similar mutatis mutandis. 

The advantage of the foot-lambert unit of brightness 
can now be seen, for if a surface have a reflection factor 
of p, and its illumination be E foot-candles, its bright- 
ness is pH foot-lamberts. The introduction of the 
factor 7 is thus avoided and, as long as the brightness 
of the surface is alone under consideration, this is an 
advantage. If, however, the illuminated surface is to 
be treated as a secondary source of light—a very fre- 
quent case in illuminating engineering—the factor 
must be re-introduced so as to obtain the candle-power 
of the surface. If its area be S square feet, the candle- 
power is clearly (pE/z7r)S. 

Although there are a number of other quantities 
used in illuminating engineering, they all depend on 
the four primary quantities defined above, and their 
derivation is generally self-explanatory.t The remain- 
ing sections of this paper will therefore be devoted to a 
description of methods of measurement and to a con- 
sideration of the chief principles of illuminating 
engineering. 


METHODS OF MEASUREMENT. 


The ordinary photometric bench used for the 
measurement of candle-power, ie. the comparison of 
the luminous intensities of two sources of light in a 
fixed direction, is still the basic instrument in light 
measurement. The photometer head, i.e. the actual 
instrument used on the bench between the two sources 


* On the metric system, the unit of illumination is the metre-candle 
(1 lumen per square metre) and the practical unit of brightness is the mi'lli- 
lambert, the brightness of an ideal diffusing retlecting surface having an 
illumination of 10 metre-candles. 

t A complete set of definitions will be found in the author's “ Photometry ” 
(Constable, 1926), pp. 461-467. 
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so that the eye may make as accurate a comparison as 
possible, may take many different forms. One of the 
oldest is the “ grease-spot’’ photometer, originally 
used by Bunsen and improved by the addition of 
mirrors so that both sides of the screen may be seen 
at once, and this is an instrument of considerable 
precision if properly constructed and used. The head 
most commonly employed at the present time is, in 
fact, an adaptation of the grease-spot principle with 
certain refinements introduced by the employment of an 
ingenious optical system. This is the Lummer-Brodhun 
head shown in Fig. 5. The principle of this head is 
explained in most modern textbooks on light, but it 
is desirable here to refer to one of the respects in which 
photometry differs from most other branches of metrics. 

Every photometer, whatever be its construction, 
depends ultimately upon the capacity of the eye to 
judge when two contiguous surfaces presented to it are 
equally bright. The precision with which this judg- 


Fic. 5.—The Lummer-Brodhun contrast head. 
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ment can be made governs absolutely the precision of 
all photometric measurement. The governing factor, 
then, is psychological and not physical and is subject 
to the limitations of perceptual phenomena. The 
smallest brightness contrast which the eye can perceive 
under the ordinary conditions of photometry, i.e. with 
a single eye and a restricted field of view, has been 
carefully determined by many workers, notably by 
Kónig and Brodhun in 1888-9.* As might be expected, 
this limiting difference varies greatly according to the 
absolute brightness of the field of view and, to a less 
extent, according to the colour of the light. The 
curve relating the lowest perceptible contrast in 
percentage (6B/B) with absolute brightness for white 
n (actually the light of a flame lamp) is shown in 

ig. 0. 

It will be understood that the governing factor is 
not the brightness of the field looked at, but the bright- 
ness of the image formed on the retina. It follows 
that, as the pupil of the eye enlarges at the lower 


9 Sttsungsberichte der Preussischen Akademie der Wissenscha su Berli 
1888, (2) p. 917, and 1889, (2) p. 641. iis did 
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values of field brightness, it would be unsatisfactory 
and unscientific to plot values of field brightness as 
viewed by the eye with the natural pupil. The scale 
of abscisse is therefore a scale of field brightness when 
the eye is covered with an artificial pupil having an 
area of 1 mm?,* | 

In ordinary photometric work the natural pupil is 
used up to alimit of about 10 mm? (the area of the 
artificial pupil in the usual Lummer-Brodhun head). 
A second scale of abscisse has therefore been added 
to show the actual field brightness under normal working 
conditions assuming an average value for the pupillary 
aperture at each brightness. This scale, since it depends 
on the relation between brightness and  pupillary 
diameter, varies somewhat with different individuals, 
but the values given are sufficient for the present pur- 
pose, i.e. that of finding the lowest brightness at which 
it is possible to work without undue loss of sensitivity. 
It will be seen that this is of the order of 0-3 candle 
per square foot, so that, assuming a reflection factor of 
80 per cent for the illuminated surface in the photo- 
meter head, an illumination of at least 1-2 foot-candles 
is necessary. On account of losses by reflection at the 
glass surfaces within the photometer head, a somewhat 
higher illumination than thisi; desirable. 

It may not be out of place to mention here that 
the necessity for a comparatively high value of field 
brightness, if the maximum precision is to be attained 
in photometry, is a point which is often overlooked. 
In illumination work, for instance, it is often necessary 
to measure illuminations of the order of 0-5 foot-candle 
or less, while in street-lighting work, values of less 
than 0-1 foot-candle are only too frequent. Under 
such conditions, since it is by no means possible to 
increase the brightness of a surface, the precision of 
the measurements cannot approach that attainable in 
ordinary photometry. There is, moreover, the further 
disturbing factor of colour difference. Everyone who 
has made any photometric measurements of any kind 
knows that even a slight difference of colour between 
the two parts of the field to be compared makes a judg- 
ment of brightness equality very much more difficult, 
and it must be realized that the values of least per- 
ceptible brightness contrast plotted in Fig. 6 refer to 
conditions of colour match. The quantitative effect of 
colour difference has not been extensively studied and 
there is no doubt that it, like the other factors influencing 
an equality judgment, must depend markedly on the 
individual, and, what is even worse, it almost certainly 
varies from time to time even in the case of a single 
individual. 

It might be concluded from Fig. 6 that the greatest 
precision attainable in photometry under the best 
conditions would be about 1-7 per cent, but a moment's 
consideration will show that this is not the case. For 
this figure represents the change from absolute equality 
which can be made before a difference becomes per- 
ceptible to the eye, so that there is a range of about 
34 per cent within which no brightness difference can 
be detected. When a photometric measurement is 
made, either by means of a photometer head on the 


* A field brightness of 1 candle per m? viewed through a pupil of 1 som! 
area gives a retinal illumination of 1 photon. 
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bench or by means of an illumination photometer, 
this range of 34 per cent is passed through from one 
side to another and back again several times fairly 
rapidly, and an attempt is then made to adjust to the 
mid-way point between the two extremes. This mid- 
way point can certainly be judged much more closely 
than would at first sight appear possible. It is at this 
stage of the work that the design of the apparatus and 
the practised skill of the observer become important. 


Perceptible brightness difference/ (Field brightness) 
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exactly 10 per cent less than that of the background 
on the opposite side, A'. Similarly the brightness of 
patch B is the same amount less than that of back- 
ground B'. As the head is moved on the bench, A 
and A' are changed in the same ratio, and similarly 
for B and B'. Let it be assumed, for example, that 
the head is originally in the position of exact balance 
and is then moved so that the brightnesses of A and 
A’ are increased by 0:5 per cent, leaving those of B 


e 
Coefficient of perceptibility 
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Fic. 6.—Variation of contrast sensitivity with brightness (after König and Brodhun). ' 


Uniformity of field, a fine and sharp dividing line, and 
ability to pass rapidly and without manual effort 
from one side of the balance point to the other, are the 
primary requirements of any good photometer, and 
only in so far as they are fulfilled can the instrument 
be regarded as satisfactory for precise work. It should 
be noticed that these requirements apply to an illu- 
mination photometer just as much as to a photometer 


Fic. 7.—The Lummer-Brodhun contrast field. 


head designed primarily for use on a bench in the 
laboratory. 

'It may be mentioned here that in the modern form 
of Lummer-Brodhun head the eye is assisted in making 
its equality judgment by arranging that this judgment 
shall be one of equality of contrast rather than equality 
of brightness. The field of view of this photometer is 
shown in Fig. 7 and the brightness of patch A is almost 


and B' unchanged. Then the contrast between A and 
B’ becomes 9-5 per cent, while that between B and A 
becomes 10:5 per cent. Thus the contrasts on the two 
sides, instead of being equal, now differ by 1 per cent, 
i.e. by 10 per cent of their actual value, and it has been 
found that by the use of this device the precision of the 
mid-point setting is markedly increased. Further, it will 
be clear that when the judgment is a species of “ guess- 
work ” as to the middle point of a range of '' impercepti- - 
bility,” the precision may be increased by increasing the 
number of settings, and on this account it is customary, 
even in work of 1 to 2 per cent precision, to take at 
least 5 settings on the bench, while even in compara- 
tively rough work with the illumination photometer it 
is advisable always to make at least 2 or 3 settings and 
take the mean. 

It has been said already that every photometer 
depends on the comparison by the eye of two bright 
surfaces. Essentially, therefore, there is no difference 
between the head used on a bench for the measurement 
of luminous intensity and the portable photometer 
used for illumination measurements. In the former 
case the two sources to be compared are caused to 
illuminate respectively the two comparison surfaces in 
the photometer head. In the latter case one source, 
generally contained within the instrument itself, illu- 
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minates one comparison surface, while the other com- 
parison surface is placed at the spot at which it is 
desired to measure the illumination. Frequently this 
latter surface is detached from the remainder of the 
instrument as in the case of the ‘‘ Luxometer," a modi- 
fication of the original Trotter photometer, shown in 
Fig. 8. The lamp L illuminates the tilting matt white 
card C and this is seen, by way of the mirrors M and 
M', by the eye at E. The lower half of M' is unsilvered 
so that the eye views through it the detached white 
surface T which is placed at the position of observation. 
The brightness of C is altered by tilting it until a match 
is obtained with the surface T, and the illumination of 
the latter can then be read directly in foot-candles on 
a scale over which moves a pointer attached to the 
handle by means of which C is tilted. It is clear that 
the scale can be calibrated by arranging a series of 
known values of illumination at T (e.g. by means of a 
lamp of known candle-power moved along a photo- 
meter bench at one end of which T is supported). 
This is an example of the substitution method which 
should be used whenever possible in photometry, for it 
is clear that in this way it is not necessary to know 


Switch 


Fic. 8.—The '' Luxometer.”’ 


the reflection factor of either surface, or the candle- 
power of the lamp in the instrument. All that is 
required is that these values shall remain constant 
between the time of calibration and the time at which 
the instrument is used. 

On account of the requirement just mentioned, it is 
necessary to use some electrical measuring instrument 
in conjunction with the photometer to ensure that the 
lamp is operating under the same conditions whenever 
measurements are being made. A high order of 
accuracy is demanded of these instruments since, in 
the case of the miniature lamps invariably used in 
portable photometers, the rate of candle-power change 
with voltage is even more rapid than in the case of 
lamps of normal type; it is, in fact, of the order of 
8 to 10 per cent in candle-power for 1 per cent in 
current.* Further, the lamp has to be supplied from 
a portable battery, so that a rheostat must be provided 
to take up the gradual drop in voltage.1 

It will be noticed that while the bench method of 
photometry depends on the inverse-square law for the 
variation of brightness of one of the comparison sur- 
faces, in the case of the luxometer the variation is 
produced by changing the angle of incidence of the 

* A. K. TAYLOR : Proceedings of the Optical Convention, 1926, pt, 1, p. 347. 


f These and other details of construction in portable photometers are 


2055 to in the British Standard Specification for these instruments (No. 230, 


light. This allows the use of a smaller containing- 
case. It might be thought that the scale could be 
calibrated in accordance with the cosine law, and this 
would be possible if the surface C were an ideal diffusing 
surface. Actually, however, no such surface exists, 
and the brightness of C is therefore not proportional 
to the cosine of the angle of tilt. This departure from 
the ideal conditions having once been accepted, there 
is no loss but, on the other hand, a considerable practical 
gain in having the tilt of C controlled by a cam attached 
to the control handle and pointer, for the curvature of 
this cam can be so designed that the scale is approxi- 
mately linear instead of being very cramped at one 
end, as it would be if divided in accordance with the 
cosine law. 

Several instruments have been designed in which 
the inverse-square method of brightness variation is 
used. The first of these was the Weber photometer 
shown diagrammatically in Fig. 9. The variable com- 
parison surface is the opal glass plate P which can be 
moved along the tube T so that its brightness varies 
as 1/(LP)*. The other comparison surface is a detached 
plate P', and the two surfaces are compared by means 
of the Lummer-Brodhun cube L-B. Other well- 
known instruments of the same type but having the 
source movable are the Sharp-Millar and the Macbeth, 
shown respectively in Figs. 10 and 11. 

A different method of brightness variation is used in 
the Holophane ''Lumeter'' shown in Fig. 12. Here 
the lamp L is contained in a cylindrical whitened 
enclosure with an opal glass window W over which 
moves a shutter with an opening of the shape shown 
in detail in the diagram. The light emitted from the 
window through the shutter illuminates the outer 
annulus of a concentric form of field S, the inner 
circular portion of which is clear. Again with this 
instrument the surface T at the position of measure- 
ment is detached and occupies the centre of the field. 
The diaphragm is moved across W until a balance is 
obtained, and a pointer, forming the control handle H, 
moves across a scale from which the illumination can 
be read directly in foot-candles. 

An instrument of quite another type is the foot 
candle meter shown in Fig. 13. The internal lamp 
and mirror system, L, M, illuminates the underside of 
a strip of paper containing a row of Bunsen “ grease- 
spots." The illumination decreases from the lamp 
towards the left, so that the brightness of the '' grease- 
spots ’’ diminishes from one end to the other. The 
result is that when the instrument is placed in any 
given position, there is one '' grease-spot " which has a 
brightness equal to that of the surrounding opaque 
paper. This ''grease-spot" therefore disappears on its 
background, while those on one side of it appear 
brighter, and those on the other side appear darker than 
their background. It is clear that by previous cali- 
bration à scale can be attached to the row of spots so 
that the illumination can be found at once from the 
position on this scale of the spot which disappears. 

This instrument is, necessarily, of less precision than 
those of more complicated construction, but it has the 
great merit of enabling a rough value of the illumination 
at a point to be obtained by inspection without the 
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Fic. 9.—The Weber photometer. 
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Fic. 10.—The Sharp-Millar photometer. 


E = eyepiece. 


L = comparison lamp. 
R = rheostat. T = elbow tube. 
H = handle for moving L. S,, Sg = comparison surfaces. 
C = special Lummer-Brodhun cube. 


F =< scale of illumination. 
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Fic. 11.—The Macbeth “ Illuminometer.” 

L-B = Lummer-Brodhun cube. 
S = interna] comparison surface. F,, F2 = positions of neutral filters 
E = eyepiece. R = rack for moving L. 


L = comparison lamp. 
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necessity for any adjustment of moving parts. It is 
thus particularly adapted for demonstration work. 

The principle of this instrument was first described 
by Mr. Harrison in 1910* and he has recently developed 
a modification known as the Benjamin “ Lightmeter ”’ 
and shown in Fig. 14. In this instrument the row of 
'" grease-spots’”’ is replaced by what is, in effect, a 
movable Bunsen disc which slides over a strip of opal 
glass the brightness of which decreases from one end to 
the other. The Bunsen disc is moved over the glass 
strip until the centre spot shows no contrast with its 
background. 

All these instruments are provided with means for 
extending their scales, some in one, others in both 
directions. In the “ Luxometer," ‘‘ Lumeter," Weber, 


piece 
Neutral 
ilters 
‘|i Cylindrical 
m shutter 
umeter."' 


Sharp-Millar and Macbeth instruments, neutral glasses 
are provided for insertion between the external (detached) 
comparison surface and the device in which the bright- 
nesses are compared. If the transmission factors of 
these glasses be 0-1 and 0-01, the normal scale readings 
must be multiplied by 10 and 100 respectively when 
these glasses are inserted. In the Macbeth and the 


* Illuminating Engineer, 1910, vol. 3, p. 373. 
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Sharp-Millar instruments it is possible to insert the 
glasses on the comparison-lamp side, the scale reading 
then being divided by 10 or by 100 as the case may be. 
The extent to which absorbing glasses of this kind may 
be used is limited to a multiplying factor of 100, since 
it is at present impossible to obtain really neutral 


linch 


Fic. 13.—The foot-candle meter. 
R = rheostat; V = voltmeter. 


glass. Even in the thickness necessary to give a 
transmission factor 0-01 there is usually a marked 
departure from true neutrality, with consequent risk 
of variation of transmission according to the nature of 
the source providing the measured illumination. 
Whatever the type of illumination photometer used, 
there are two sources of error which have always to be 
borne in mind and minimized to the greatest extent 
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possible under any particular set of conditions. These 
are (a) colour difference, and (b) the lack of a perfectly 
diffusing surface. 

It has already been mentioned that a difference in 
colour between the two lights to be compared causes a 
marked diminution in the accuracy of any photometric 
Measurement. The curve of Fig. 15 shows the results 
of some experiments on this effect.* In illumination 
Measurement a colour match between the external 
light sources and the lamp inside the photometer is 
the exception rather than the rule. It is clearly impos- 
sible to arrange an instrument to give a colour match 
with all the different types of light sources commonly 
in use at the present time, and it has therefore to be 
recognized that this additional source of error exists 
and allowance must be made accordingly in assessing 
the accuracy of any set of measurements. It is to be 
noted that this error is partly a personal one. Every 
eye differs slightly in the relative value it gives to the 
various parts of the spectrum, and a number of eyes 
show quite marked abnormality in this respect, although 
not so great that the observer would be classed as 
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15.—Least perceptible brightness difference with 
different degrees of colour difference (after Troland). 


FIG. 


colour-blind. The normal behaviour of any individual's 
eye can be tested by means of two colour filters, one 
yellow and one blue, which have equal transmission 
factors when measured by an observer with normal 
colour vision.f 

A still more serious source of error is the departure 
from the cosine law of emission exhibited by even the 
most matt of materials. Numberless surfaces, other- 
wise Suitable, have been carefully investigated, but 
even the best is very far indeed from the ideal. In 
addition to being matt, the surface must also be white 
and should be as hard as possible so as to permit of 
frequent cleansing. The surfaces most commonly 
employed are white celluloid rendered matt by sand 
blasting, and de-polished pot opal glass. There is no 
space here to describe the behaviour of these surfaces 
in detail, but much information will be found in a 
recent paper by A. K. Taylor. 

It will be clear that when the illumination at a given 
point in a room is being measured, light may be reach- 
ing that point from a number of different sources, and 
in some cases the light may be incident at considerable 
obliquity. It is necessary that, as far as possible, the 


© L. T. Troranp: Journal of the Franklin Institute, 1916, vol. 182, p. 112. 

$4 E. C. CRITTENDEN and F. K. RicurMvER: Bulletin of the Bureau of 
Standards, 1918, vol. 14, p. 87. 

3 Procesdings of the Optical Convention, 1926, pt. 1, p. 347. 


brightness of the test surface viewed through the photo- 
meter shall be proportional to its illumination, no 
matter what the angle at which the light reaches it. 
While, as has been said, this ideal is impossible of 
attainment, it has been found that, in the case of the 
two surfaces mentioned above, the nearest approach is 
obtained when the test surface is viewed at an angle of 
between 20? and 30? to the normal. Under these 
conditions the errors are quite small until the angle of 
incidence of the light exceeds 75°, and as the light 
source is then usually at some considerable distance 
from the test surface, in these circumstances the 
inverse-square law combines with the cosine law to 
make the illumination due to this oblique light a small 
fraction of the whole. It is, however, necessary to 
provide means for ensuring that the correct angle of 
view can be adopted readily when the instrument is 
used. Sometimes the test surface is attached to the 
end of a short arm fixed to the photometer. 

There is a precaution in the use of portable photo- 
meters which may, perhaps, be mentioned here. The 
light very often reaches the test surface from a number 
of different sources and, unless he takes special care, 
the observer may easily obscure one or more of these 
with his own person. Generally it is possible to choose 
a position in which the observer casts no shadow on 
the test surface, but where this is not the case the 
sources to be regarded as of least importance are those 
which contribute least to the total illumination, either 
on account of their distance away or because they are 
low down and their light is therefore incident very 
obliquely. 

One class of illumination measurement demands 
special consideration. In street lighting the light is 
incident at a small angle with the horizontal, especially 
at the point of minimum illumination. Large errors 
are therefore almost inevitable if any attempt be made 
to measure the illumination of a horizontal plane at 
this point in the ordinary way. The only satisfactory 
method of finding the horizontal illumination is to place 
the test surface so as to face each lamp in turn, and 
to measure the “ normal” illumination due to that 
lanfp in the ordinary way. The horizontal illumination 
can then be found by multiplying the value so 
measured by the sine of the angle which the light makes 
with the horizontal. Since this angle is usually small, 
the sine of the angle varies approximately as the angle 
itself, so that an accurate determination of the angle is 
essential.* For street-lighting work, therefore, it is 
necessary to have, in addition to the photometer, a 
device for determining the angle which the rays from 
any light source make with the horizontal. Sometimes 
such a device is fitted to the photometer itself. In the 
new Holophane instrument it takes the form of a skeleton 
telescope and angular scale as shown in Fig. 16. When 
the instrument is levelled, the image of the source is 
focused on the cross-lines, and the angle required is 
then read on the scale attached to the card-holder. 
Needless to say, the values of partial horizontal illu- 


9 It will be seen that this is an additional source of error in making direct 
measurements of horizontalillumination, for if the light be incident at an angle 
of 80° (10? degrees from the horizontal) an error of 1? in levelling the test surface 

roduces an error of 10 per cent in the measured illumination due to one lamp. 
This error is, however, much reduced when the test surface is between two 
sources, for then the two partial errors are of opposite signs. 
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mination thus calculated for each lamp are added to 
find the total horizontal illumination. 

The above brief description of some of the instru- 
ments used for the measurement of illumination, and of 
the errors inherent in this type of measurement, will 
suffice to indicate the order of accuracy attainable in 
normal practice. With a satisfactory instrument, 
recently calibrated and carefully used, the precision 
may probably be put at about 8 to 10 per cent for 
field work at normal values of illumination (1 foot- 
candle and upwards). As the illumination is reduced 
the precision falls, until for work at illuminations of the 
order of 0:02 foot-candle (the illumination due to the 
full moon, a value not uncommon in street lighting) 
a precision better than 25 per cent can hardly be 
hoped for. 

This section cannot be closed more fittingly than 
with the following words of Prof. A. E. Kennelly: 
'* All the natural sciences aim, then, at becoming exact 
sciences and become exact through the making, corre- 
lation and reduction of measurements. Any branch of 
natural science without measurements is not above 


Fic. 16.—Principle of tilting test surface for Holophane 
** Lumeter.'' 
the qualitative stage. The number and degree of pre- 
cision of the measurements in a branch of science is a 
gauge of the extent to which that branch has become 
exact." * 

The object of illumination measurement is to assist 
the illuminating engineer by enabling him to plan any 
new system of lighting with reasonable certainty and 
to check the relation between projected values ánd 
values actually realized. In this way he is constantly 
adding to his stock of experience and is enabled to 
plan with an ever-increasing confidence that his 
theoretical values will be attained in the final installation. 


CONDITIONS GOVERNING Goop LIGHTING. 


(a) Adequacy.—From a consideration of methods of 
measurement it is natural to pass to a description of 
the factors governing design. These may be divided 
broadly into two main classes: the illumination must 
be adequate and the lighting must be suitable. Too often 
in the past there has been a tendency to concentrate 
on adequacy without similar attention to suitability. 
This is a serious mistake and it may sometimes lead to 
results which tend to the discredit of the illuminating 
engineering profession. A simple. insistence on the 
value of high illumination, without due regard to 
the screening of brilliant sources in the field of view, 


* A. E. KENNELLY: Transactions the Illuminating Engineering Societ 
of New York, 1911, vol. 6, p. 580. 7 SE : i 
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may well lead to reaction and a desire for “ less light.” 
It is imperative, therefore, that the question of “ suita- 
bility '" should never be neglected. That there should 
be a temptation to such neglect is not altogether unex- 
plainable. It is an easy matter to draw up a schedule 
of the illuminations considered necessary for different 
places or classes of work. It is often nearly as easy to 
draw up a lighting scheme to give this necessary illu- 
mination, but a careful consideration of the special 
requirements of each system as regards the placing of 
the light sources, the use of suitable shades or 
reflectors, the best scheme of interior decoration and 
the possible advantage of using lights of some special 
colour, demands much more care, much experience and 
constant touch with the rapid developments now taking 
place in the design of lighting equipment. 

No excuse, then, is made for passing over the matter 
of ' adequacy ” in a few lines. Most books on illu- 
minating engineering, such as the excellent volume of 
Messrs. Gaster and Dow,* give tables of foot-candle 
values recommended for different purposes. In the 
author’s personal opinion, however, the values given 
in such tables should be regarded as minima. Values 
double or even treble these can be employed with 
advantage in nearly every case, but always with the 
proviso that the system is planned with due regard to 
the principles to be explained presently. It has often 
been pointed out that most people’s ideal form of 
lighting is daylight and that they will gladly work in 
a daylight illumination which is often 5 or even 10 times 
as great as that they consider to be too high in the 
case of artificial light. The fact is that, generally 
speaking, the conditions under which daylight is received 
are immeasurably superior to those to which we are 
accustomed in the case of artificial lighting. Once 
again it is a matter of '' suitability.” 

There is one important factor to be considered in 
determining the illumination to be provided for work 
of a given kind. It must always be remembered that 
the governing factor in determining visibility is not 
illumination but brightness. It is therefore only 
natural that work on dark materials should require more 
illumination than similar work on material of a higher 
reflection factor. It may be said, in general, that 
where the work is normally dark in tone, the illumina- 
tion should be at least three times that allowed for in 
the tables of illumination values referred to above. 
Although this is more conveniently dealt with under 
the heading of adequacy, it may, nevertheless, be 
regarded as a further example of the necessity for 
making the lighting suitable to the special conditions of 
the problem. 

The effect of degree of illumination on visual efficiency 
has been investigated many times in an effort to prove 
that increased illumination results either in greater 
output or in reduced spoilage of work. As already 
stated, most of these investigations have, unfortunately, 
been complicated by the fact that the arrangement of 
the lighting was changed simultaneously with the 
intensity so that it was difficult, if not impossible, to 
distinguish between the effects of these two factors. A 
fresh investigation on this subject has been carried out 


* u Modern Illuminants and Illuminating Engineering ” (Pitman). 
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recently by the Illumination Research Committee in 
co-operation with the Industrial Fatigue Research 
Board,* the illumination having been varied while the 
lighting arrangements remained unaltered throughout. 
The test was made in a printing works, as the process 
of hand composing was considered to be typical of 
“fine work." It was found that not only did the speed 
of working increase, but the number of mistakes showed 
a marked diminution as the illumination level was 
raised to at least 25 foot-candles. It may therefore be 
concluded that, for this particular process and for the 
lighting arrangement adopted in the experiments, there 
is an advantage in increasing the illumination at least 
to the figure just quoted. 

It should not be forgotten, however, that there is 
scant justification for applying this conclusion to other 
processes or for assuming that a similar illumination is 
desirable under different lighting conditions. Only by 
further research could the truth or falsity of such an 
extension of the conclusion be demonstrated. It is to 
be hoped that further work of this kind will be under- 
taken by the Committee as opportunity offers. 

(b) Freedom from glare.—lt has been said already 
that quantity of light is useless, or even harmful, 
unless it be properly distributed. The most important 
consideration in good lighting is suitability. What, 
then, are the considerations which determine the suita- 
bility of any lighting system ? They may be divided, 
for convenience, under four main headings as follows : 


(a) Freedom from glare and from excessive contrast 
in the field of view. 

(b) Adequate but not excessive diffusion. 

(c) Correct colour. 

(d) Correct proportion of local and general lighting. 


Much has been written on the subject of glare, but 
very little that has materially advanced our knowledge 
of this complicated phenomenon. There is no doubt 
that glare is closely related to the visual process known 
as ''ocular adaptation." It is generally recognized 
that the eye can perform its work with almost equal 
ease and rapidity whether under the open sky or in a 
well-lighted room at a spot where the illumination is, 
perhaps, one-fiftieth of that prevailing out of doors at 
the same instant. In reality the range of adaptation 
of the normal eye is vastly greater even than this. 
The remarkable constancy of the least perceptible 
brightness difference which, as can be seen from 
Fig. 0, exists for a range of field brightness from 
0-3 to 300 candles per square foot, is a striking example 
of the extremely wide range over which the eye is 
capable* of almost complete adaptation. It must, 
however, be remembered (a) that values of field bright- 
ness eften met with under artificial lighting conditions 
lie outside this range of complete adaptation, and 
(b) that adaptation, even within a restricted range of 
brightness, is very far from instantaneous. When the 
eye has become adapted to one level of brightness it 
takes some time to become adapted to a higher level, 
and a very much longer time to reach adaptation to a 
lower level of brightness. 


* H. C. Weston and A. K. Taytor: “The Relation between Illumination 
du) ET in Fine Work (Typesetting by Hand) ” (H.M. Stationery Office, 


The time taken for adaptation of the eye is at least 
a contributory cause of the phenomenon which may 
be called “ successive glare,” i.e. the reduction of visual 
efficiency which results from allowing the eyes to view 
a bright source and so become adapted to a brightness 
level higher than that of the normal working feld. 
The time taken to regain full sensitivity under the 
working conditions is a period of impaired efficiency, 
and this period may be as long as several seconds if the 
glaring source be bright. Some data on this effect are 
shown in Fig. 17, where the curves show the time taken 
for full adaptation from the various values of brightness 
shown on the right to the field brightnesses given by 
the ordinate scale.* The available data on this effect 
are, unfortunately, very scanty. M 

It is often assumed that, as long as there are no 
sources of light situated in or close to the normal line 
of view, the lighting system is free from glare. It is 
clear, however, from what has just been said, that this 
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Fic. 17.—Time taken for adaptation in passing from a 
bright to a darker field (after Nutting). 


is very far from being the case. The eye may, and 
almost certainly will, wander over the whole room up 
to a certain angle of elevation. The only limit is an 
upward one, set by the fact that to raise the line of 
fixation much above the horizontal is, for most people, 
a conscious act of the will. Now it may be assumed 
that the important part of the visual field from the 
point of view of glare extends to about 30° above 
the point of fixation. It follows that the limit of the 
normal field of view is the cone having the observer's 
eye as apex and a semi-angle of 60°. In other words, 
any object is out of the normal field of view if the 
line joining it and the observer’s eye makes an angle 
of more than 30° with the horizontal. Objects lower 
than this are more and more distinctly seen, and it is 
for this reason that the Home Office Committee on 
Factory Lighting in their Third Report f recommended :— 


' Every light source (except one of low bright- 
ness ]) within a distance of 100 feet from any 
person employed shall be so shaded that no part 
of the filament, mantle or flame is distinguishable 

* P. G. NurTING: Mer of the Franklin Institute, 1917, vol. 183, p. 297. 


¢ Cmd. 1686, 1922 (H.M. Stationery Office). 


+ " By ‘low brightness’ is meant an intrinsic brilliance of not more than 


& candles per square inch." 
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through the shade, unless it be so placed that the 
angle between the line from the eye to an unshaded 
part of the source and a horizontal plane is not less 
than 20°, or, in the case of any person employed 
at a distance of 6 feet or less from the source, not 
less than 30°.” 


The angle of 20° mentioned in the above recom- 
 mendation must be regarded as an absolute minimum, 
and the angle of 30? should always be aimed at as 
the best practice. Unfortunately it is often necessary 
to sacrifice some advantages for the sake of economy 
and to effect a compromise between ideals and financial 
considerations. For this reason it has been found 
necessary, in the recently issued British Standard 
Specification for a very popular form of industrial 
reflector fitting,* to adopt as the angle of cut-off the 
Factory Lighting Committee's figure of 20? instead of 
25° or 30°. The efficiency attainable with different 
angles of cut-off was carefully determined, at the 
request of the British Engineering Standards Associa- 
tion Committee, by the Illumination Research Com- 


mittee of the Department of Scientific and Industrial ' 


Research referred to earlier in this paper,t and it 
was found that the adoption of a 30° angle of cut-off 
involved too great a sacrifice of efficiency. 

The first rule that may be laid down, therefore, for 
the avoidance of glare deals with the angle of cut-off 
and may be stated thus :— 

“ In any lighting system every light source or other 
bright surface visible to the eye should have an angular 
elevation of at least 20° and preferably 30° when 
viewed from any normal working position.” 

It now remains to define what is meant by the term 
“ bright surface" in the rule just given. In other 
words, what is the maximum brightness tolerable 
within the confines of the normal field of view? To 
answer this question is a matter of great difficulty since 
the amount of the glare depends on the extent of the 
surface as well as on its brightness, or, in other words, it 
is a function of candle-power and brightness combined. 
It also depends to a very great extent on the general 
brightness of the field of view, i.e. on the state of adapta- 
tion of the eye when at work. 

It has frequently been stated that the limiting bright- 
ness tolerable in the field of view is about 3 candles per 
square inch, and the definition given in the Factory 
Lighting Committee's report (see above) is 5 candles per 
square inch. In support of the former figure the fact 
has been quoted that this is about the brightness of the 
open sky on a fine bright day and that therefore such a 
brightness cannot be regarded as glaring to the eye. 
In the author's own opinion this is a quite irrelevant 
and misleading argument. Under normal daylight con- 
ditions the working illumination is, as has been pointed 
out before, usually much higher than that provided by 
artificial light, and it may quite well be the fact that to 
an eye adapted to a working illumination of 20 or 30 
foot-candles a brightness of 3 candles per square inch 
does not produce any noticeable glare. To the same 

* British Standard Specification No. 232, 1926. 

t H. BuckrEv and C. J. W. GnizvEsoN: "The Light Distribution from 


Industrial Reflector Fitting No. 1 (B.S.S. No. 232, 1926)" [H.M. Stationery 
Office, 1926]. 


eye adapted to a working illumination of one-tenth this 
amount, however, such a brightness in the field of view 
may produce a very distinct diminution of visual 
efficiency. 

The truth is that, as has been well pointed out by 
Bordoni in one of the most valuable contributions which 
have so far been made to the quantitative study of the 
subject,* glare is a continuous phenomenon. It in- 
creases with the size as well as with the brightness of 
the glaring source, and it decreases progressively as this 
source is removed further and further from the line of 
fixation; all these conditions being fixed, it decreases 
as the brightness of the normal field of view increases. 

There is no doubt that the ideal conditions are those 
in which there is nothing in the field of view (i.e. less 
than 30° above the horizontal) brighter than the object 
requiring attention. This is, more often than not, quite 
impossible of attainment without the introduction of 
other most undesirable factors in the lighting system, 
and it must therefore be regarded simply as an ideal to 
be approached as closely as any particular set of con- 
ditions will allow. 

It might be thought that the ideal just put forward 
could easily be achieved by concentrating light on the 
point of work by means of some local fittings, leaving 
the remainder of the room in complete darkness. 
Experience has shown, however, that this is a most 
undesirable arrangement. It must be remembered that 
adaptation to different levels of brightness is a process 
which, in all probability, involves a certain amount of 
ocular fatigue. When the field of attention is very 
much brighter than the rest of the normal field, adapta- 
tion takes place every time the gaze is transferred from 
the object normally looked at, and the extent of this 
adaptation is conditioned by the contrast between the 
two levels of brightness successively encountered. 
There is, moreover, a psychological feeling of gloom 
associated with dark surroundings, and for both these 
reasons it is undesirable to have a system of exclusively 
local lighting. This matter will be referred to again 
later. 

Some interesting experiments have recently been 
carried out to determine the effect on the efficiency of 
the eye of transferring the gaze from one field to another 
which has the same or a different brightness.f It is 
found that when the two fields differ markedly in 
brightness the visual efficiency is lower than when both 
have a brightness equal to the smaller of the two pre- 
viously employed. Thus, when the brightnesses of the 
two fields are respectively about 7 and 0:3 candles per 
square foot, the visual efficiency is less than when the 
brightness of both fields is 0-3 candle per square foot. 

There must, then, be a further rule that the general 
level of illumination in the field of view should not be 
too low in comparison with that of the object requiring 
attention. The data available on the subject are really 
insufficient to indicate a figure for the greatest per- 
missible ratio, but it is almost certain that one-twentieth 
is an outside limit, while one-tenth or even one-fifth 1s 
to be preferred. 

* U, Borponi: Comptes Rendus de la Commission Internationale de l Eclairage 
(Genève), 1924, p. 349. 


. LuckigsH and F. K. Moss: Journal of tke Franklin Institute, 1925, 
vol. 200, p. 731. 
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It should not be concluded from the two rules just 
given that a dead uniformity of brightness is to be 
aimed at. This is not the case. Moderate contrasts 
are pleasant; they are in fact the means by which the 
features in any scene are recognized. If it be allowable 
to take the contrasts commonly met with in nature as a 
guide, ratios not exceeding one-tenth are suggested, 
since the brightness of a grass field is approximately 
one-tenth that of the sky above it. Absolute uniformity 
of brightness in the visual field, if attainable, would be 
most tiring since the eye would constantly be searching 
for relaxation and failing to find it. Once again, how- 
ever, it is necessary to remember the distinction between 
brightness and illumination and to realize that uni- 
formity in the general illumination provided is frequently 
quite permissible or even desirable, the contrasts being 
provided by the different reflection factors of the objects 
seen as the eye wanders from one spot to another. 

There is one source of glare which has not, so far, been 
mentioned specifically; this is the reflection of a bright 
source in a polished surface. The source may be quite 
adequately screened, or placed well above the line of 
sight, but if it so happen that a polished surface is 
placed in such a position that the light it receives from 
the source is reflected specularly to the eye the resultant 
glare may be very bad. Surfaces not always deemed to 
need consideration in this respect may, in certain 
circumstances, prove quite fruitful sources of glare. 
Glossy paints or enamels, for instance, sometimes 
“ catch the light" in a most objectionable manner, 
though naturally this matter requires consideration 
mainly in the case of polished metal tools or machine 
parts, silk fabrics, coated paper, and similar materials. 
An extreme case is that of engraving on polished metal. 
Here a special form of lighting fitting, giving the meta] 
surface a uniform and featureless brightness by 
reflection, is generally employed. 

The rules above laid down for the avoidance of glare 
may seem ideals impossible of attainment. In some 
cases this may be so, while in others the difficulties may 
not prove insuperable. In every case the fight against 
glare must be waged with the utmost vigour. It is 
probably not too much to say that progress in 
illuminating engineering is more necessary in this 
respect than in any other. To say that surfaces having 
a brightness of 3 candles per square inch or over must 
not be tolerated in the normal field of view, may sound 
like a counsel of perfection to-day. The author ventures 
to prophesy that in 10 years’ time it will be as mucha 
truism as is the statement now that a bare electric lamp 
should not be visible in any properly lighted room. 

(c) Adequate diffusion.—The unpleasant effect of the 
hard shadows cast by a single source of light of small 
superficial area is familiar to everyone, and efforts were 
made very early in the history of illuminating engineer- 
ing to devise a system of lighting which should be free 
from this defect. Once again the analogy of daylight 
was quoted and the conclusion drawn that the light 
should be so diffused that shadows were practically 
absent. The indirect system of lighting, in which all 
the light from the source was reflected upwards to the 
ceiling and was then diffused over the working plane in 
the room, was therefore devised. The result was an 


almost complete absence of shadow which, although 
suitable for a few purposes such as drawing-office work, 
was found to be most inconvenient for other work such 
as sewing. It was found that for processes involving 
the recognition of details of structure in a material of 
uniform colour, shadow was essential, and in sewing it 
was only by means of the shadows cast by the individual 
threads that the texture of the material could be seen. 

As a consequence of this experience a compromise 
was effected and the modern semi-indirect system of 
lighting was evolved. In this system part of the light 
is transmitted downwards through a bowl of diffusing 
material, while the remainder is emitted upwards to 
the ceiling as in the indirect system. 

There is no doubt that each of the three systems, 
direct, indirect and semi-indirect, has its own field of 
usefulness. There are certain circumstances in which 
it is desirable to reduce to a minimum the amount of 
shadow. It has already been said that this is the case 
in a drawing office. It has been contended that the 
same is true of a lecture theatre, but in the author's 
personal opinion the addition of some directed light, 
as in the lecture theatre of this Institution, is a distinct 
gain. The totally indirect system has a tendency to 
appear lifeless and gloomy even though the illumination 
provided be ample in amount. 

For most purposes a certain amount of shadow is 
needed, and to decide on the best method of lighting 
to give just the necessary amount of diffusion of the 
light is a matter which often requires the exercise of 
much thought and careful judgment. Direct lighting, 
generally speaking, produces denser shadows than semi- 
indirect, but the light reflected by the walls, and the 
effect of a number of sources each contributing some- 
thing to the illumination at every point, are factors 
which materially assist in reducing shadows. When a 
direct lighting system is used, care should be taken 
that some light is cast upwards, either by reflection or 
otherwise. The psychological effect of a pitch-dark 
roof and upper area has been found to be very 
depressing. i 

When semi-indirect lighting is used, the degree of 
diffusion can be regulated within quite wide limits by 
altering the ratio of the downward to the upward flux. 
The brightness of the diffusing material used for the 
bowls of semi-indirect fittings is generally of the order 
of l to 3 candles per square inch.* Itis therefore some- 
times concluded that there is no disadvantage in having 
such fittings within the normal field of view. For the 
reasons stated in the previous section of this paper, this 
is not the case and such fittings should be hung as high 
as is permissible having regard to the proper distribution 
of light over the room and the avoidance of an unduly 
patchy effect on the ceiling. 

(d) Suitability of colour.—Until recently it has not 
been possible to pay much attention to the colour of 
the light used for illuminating a room. The most 
efficient form of illuminant was chosen, and fittings 
and other lighting devices were designed to cause the 
maximum amount of the light given by the lamps to 
reach the working plane. Deliberate colouration of 


* C. J. W. Grieveson: “Surface Brightness of Diffusing Gla8sware for 
Illumination,” Illumination Research Committee Technical Paper No. 4 
(H.M, Stationery Office, 1926). 
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the light involves the sacrifice of some part of the 
available flux, and it is only as a consequence of the 
recent improvements in the efficiency of light sources 
that such a sacrifice has been considered practicable. 

There is no doubt, however, that for certain purposes 
a modification of the colour of the light given by the 
lamps may be of very great advantage. There is the 
extreme case of those processes in which accurate 
colour-matching is involved, such as dyeing, colour- 
printing, etc., and for which an accurate imitation of 
the spectrum of daylight is essential. There are now 
on the market several systems of artificial daylight in 
which the light from a gasfilled lamp is so modified 
by reflection or absorption that the resultant spectrum 
follows very closely either that of sunlight or that of 
the light given by a north sky. 

For other purposes a rough approximation to the 
colour of daylight is sufficient. It is a matter of 
common experience, for instance, that a mixture of 
daylight and ordinary artificial light is unpleasant to 
work in. The reason for this is at present obscure, 
although several theories have been put forward to 
account for it. The fact remains that the objection 
seems to disappear when the artificial light is sensibly 
of the same colour as the daylight. Some very critical 
observers, moreover, have stated that the fatigue 
evoked by prolonged reading or writing in artificial 
light is much reduced if the light be an approximate 
imitation of daylight. 

Colouration in the opposite direction, viz. by absorp- 
tion at the blue end of the spectrum, has been found 
useful in certain circumstances. The “ warmth " of an 
amber-coloured light, for instance, has been favoured 
for use in a drawing-room or in a ballroom. 

(e) Correct proportioning of local and general illu- 
mination.—It is sometimes desired to have a very high 
illumination (of the order of 20 to 50 foot-candles) at 
the point of work in such fine processes as watch- 
making, engraving, etc. To light the whole of a 
workshop to this intensity is often quite impracticable 
and the only solution of the problem is to supplement 
the general illumination with local lighting* It must 
be recognized that the contrast between the high level 
of brightness at the point of work and the comparative 
darkness of the room in general will cause a certain loss 
of efficiency, but this must be faced. It can be mini- 
mized by having the general illumination as high as 


possible, and in no case less than one-tenth of the. 


ilumination provided by the locallighting. It is only 
too frequently found that in installations of this kind 
the general lighting is very poor indeed: sometimes it 
consists almost entirely of the light reflected from the 
locally lighted benches. The argument is sometimes 
urged that when the illumination at the work is high 
the comparative darkness in the remainder of the room 
enables the eye to be rested from time to time. This 
argument seems to the author to be quite fallacious. 
During daylight hours the eyes are continuously adapted 
to a high level of illumination and no “ rest ’’ is called 
for or needed. The transfer from very bright to very 
dark areas may possibly be beneficial. The reverse 
transition from very dark to very bright conditions is 


one to the other cannot fail ultimately to prove most 
detrimental to visual efficiency. 


A DIFFICULT LIGHTING PROBLEM: STREET LIGHTING. 


The last few sections of this paper have been devoted 
to a discussion of some of the matters which have to 
be taken into consideration when planning a lighting 
installation. As every practical engineer knows only 
too well, recommendations are useful as a guide, but it 
is only seldom that they can be carried out in full. 
Practical considerations, particularly as regards expense, 
often exercise a great, sometimes even an overriding, 
influence. Occasionally, however, the difficulties are 
inherent in the problem itself, and it would probably 
be difficult to choose a more extreme example of such 
a state of affairs than the problem of street lighting. 

To begin with, it has not yet been decided whether 
it is more important to illuminate the vertical surfaces 
of objects in a roadway, or the horizontal surface of the 
road itself. Both are concerned in rendering objects 
visible to the driver of a vehicle. It is impossible, in 
the space now available, to go into the matter at any 
length, but it is clear that an object must be seen by 
contrast with the road surface which forms its back- 
ground. The brightness of this background is almost 
certainly variable from one part to another. Usually 
the roadway close to a lamp standard is brighter than 
that mid-way between standards. Further, the higher 
the general level of brightness, at least up to a limit 
of 0-7 candle per square foot—and this is a level of 
brightness much higher than that met with in any 
street—the more sensitive is the eye to small differences 
of brightness (see Fig. 6), ie. the smaller the contrast 
detectable. 

From the conditions just stated it might be concluded 
that excellence in street lighting could be achieved by 
having as high an illumination as possible, with an 
adequate diversity of brightness so as to ensure a good 
contrast with objects whether light or dark. The 
fallacy of this conclusion is that it ignores the all- 
important factor of glare. The conditions of the problem 
are such that removal of the light sources to an elevation 
of even 10? above the horizontal, at any considerable 
distance from the observer, is generally quite out of the 
question. If a high illumination is to be provided 
the sources must be of very high effective candle-power, 
at least along the direction of the roadway. Glare, 
then, cannot be eliminated. All that can be done is 
to reduce it to the minimum consistent with (a) adequate 
illumination of the road surface and of the objects on 
the road, (b) a practical mounting height and spacing, 
and (c) a candle-power distribution attainable with 
practical lighting equipment. 

It will be seen that this is a problem which might 
be attacked in many different ways. The following is 
suggested, not as by any means the best, but as an 
example of an attempt to apply such experimental 
data on glare as we possess at the present time to a 
problem in which glare exercises an almost pre- 
ponderating influence. 

It may be assumed that, for any source which is of 
such a size that its maximum linear dimension sub- 


almost certainly fatiguing. A constant alternation from , tends an angle of less than 3° at the eye, the brightness 
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and the size need not be considered separately, but 
the glaring effect may be regarded as due simply to 
the effective candle-power in the direction of view. 
The glare, then, is governed by the following four 
factors :— 


(a) The candle-power in the direction considered. 

(b The distance of the source from the point 
considered. 

(c) The angle of elevation. 

(d) The general brightness of the field of view, i.e. 
in practice, of the street surface. 


Since the visibility of objects depends very largely 
on the sensitivity of the eye to contrast, it is not 
unreasonable to take as the criterion of glare the 
reciprocal of the brightness contrast just perceptible to 
the eye. This reciprocal is the criterion adopted by 
Bordoni in his work on glare previously quoted * and 
has been called by him the ''coefficient of percepti- 


Coefficient of perceptibility 


2 4 
Illumination at eye (foot-candles) 


Fic. 18.—Variation of perceptibility with illumination 
produced at the eye by the glaring source (after Bordoni). 


bility " (p) Thus p = B/(B — B’), where B and B’ 
are the brightnesses which can just be distinguished 
from each other. As will be seen from Fig. 6, the 
maximum value of p attainable under conditions of 
“ no glare " is about 60 at normal values of brightness. 
The scale of ordinates on the right of that figure shows 
how p diminishes as the general field brightness is 
decreased. 

The variation of p with the candle-power of the 
glaring source and its distance from the observer may 
be expressed most conveniently by means of a curve 
showing the relation between p and the illumination, 
E, produced by the glaring source at the observer's 
eye. The curve of Fig. 18, taken from Bordoni’s 
paper, shows this relation in the case of an eye adapted 
to a field brightness of about 0-07 candle per square 
foot, the angle between the glaring source and the 
object viewed being 6°. 

It is now necessary to determine the relation between 
p and the angle a between the lines joining the observer's 
eye to the glaring source and to the object respectively. 
The curve of Fig. 19, also taken from Bordoni's paper, 


* See footnote on page 746. 


VoL. 65. 


shows the relation between p and a when the field of 
view has a brightness of about 0-07 candle per square 
foot. 

A relation may now be found giving p in terms of 
both the angle a and the illumination Æ, if it be 
assumed that the combined effect of these two factors 
is obtained by forming the product of the two separate 
expressions for p. Thus if p = f(E) when a = 6° (see 
Fig. 18) and p = $(a) when E is constant (see Fig. 19), 
the expression mace is p = f(E).d(a)Jó(6) 

It will be seen that if a minimum Md M value 
of p be fixed, the above expression gives a definite 
relation between Æ and a; in other words, for con- 
stant glare conditions the relation between # and a is 
fixed. If, further, it be agreed to measure a from the 
horizontal plane passing through the observer's eye 


Coefficient of perceptibility 


10° 20 30°. 
Angle of separation, 


Fic. 19.—Variation of perceptibility with angle separating 
the glaring source and the point of fixation (after 
Bordoni). 


(say the 5-ft. plane), it follows that there is for the 
fitting a limiting polar curve corresponding to any 
given mounting, for tana = (h — 5)/d, where h is the 
mounting height and d the horizontal distance of the 
observer from the standard. Further; E = (I, cosa)/d? 
or, approximately, E = I,a?[(57)?(h — 5)?, where a is in 
degrees. 

Hence ó(a) = p . ó(6)/f(I. .a?/(57)*(h — 5)}, a relation 
which gives I,/(h — 5)? for every value of a. 

The method may be made somewhat clearer by 
means of an example. From Fig. 19 the values of 
$(a)/$(6) may be found for each value of a. They are 
listed in col. 2 of Table 1. If the value taken for p be 
8, f(E) = 89(6)/(f)a and f(E) may therefore be found, at 
once by multiplying by 8 the reciprocals of the values 
given in col. 2. Col. 3 is thus formed. The values of 
E corresponding to the values of f(E) in col. 3 may 
now be read from the curve of Fig. 18 and entered in 
col. 4. Finally, since Z,/(h — 5)? = (57)?E[a?, the values 
of this function can now be calculated and entered in 
col. 5. 

The figures given in col. 5 may be put in the form 
of a polar curve, as has been done in Fig. 20. It must 
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be remembered that this curve shows the maximum 
limiting values of J/(h — 5)?, so that, for a given 
mounting height, the outer limits of the polar curve 
are determined for the fitting, and, alternatively, if 
the polar curve be fixed, the minimum mounting height 
may be determined. 

It will be clear that the above method of limiting 


TABLE 1. 

a ¢(a)/p(8) f(E) E I,J/(h—5)3 

4? 0-87 9-2 0-79 142 
5? 0-94 8.5 0:8; 110 

6? 1-00 8-0 0:9, 86 

8° 1:14 7:0 1:2; 63 
10? 1:25 0:4 1:49 45 
12° 1-35 5-9, 1:59 34 
15? 1-56 5-1, 2-1 30 
18° 1-75 4: bg 2°6 26 
20° 1-84 4-3; 2-8 23 
25° 2-12 3-75 3°3 17 
30° 2-38 3:3 4-0 14:5 
35? 2-08 3-09 5-0 13 


the amount of glare must be used in conjunction with a 
specified street illumination. The curves given above 
and the figures calculated from them have all been 
based on the assumption of a field brightness of not less 
than 0-07 candle per square foot. Taking the reflection 


factor of the roadway as of the order of 10 per cent, 
this means that the average illumination must be at 
Assuming a round figure of 


least 0-7 foot-candle. 


Typical 
actual curve 


Limitin 
polar curve 


about 9 for the diversity factor, i.e. the ratio of maximum 
to minimum illumination, this means that the horizontal 
illumination due to a single lamp midway between the 
standards must be at least 0:3 foot-candle at the road 
surface. If the ratio of spacing to height be r, the 
value of a at the midway point is arc tan (2/r), while 
the illumination at this point is (I, sin a)/h?{1 + 12/4}. 
This consideration fixes a maximum value of r for a 
given value of A and a given polar curve. 

For example, with a specified minimum illumination 
of 0:3 foot-candle, the values of a and I,/h* corre- 
sponding to various values of f are given in Table 2. 


Comparing the figures given in col. 3 of this table 
with the polar curve of Fig. 20, it will be seen that the 
maximum permissible value of r with a mounting 
height of 15 ft. is about 6-5; with a mounting height 
of 40 ft., however, r may be nearly as high as 9. 

It is not suggested, of course, that there are not 
many factors, other than illumination and glare, which 
have to be considered when designing a lighting scheme 
for any given street or class of streets. There is, for 
instance, the very important matter of the maximum 
permissible diversity of horizontal or of direct illumina- 
tion. The special problem of a moderately-lit side 
street which leads into a brilliantly lighted main 


TABLE 2. 

f a I^ 
4 26-5? 3-3 
5 22° 59-8 
6 18:5? 9-5 
8 14° 21 
10 11-5° 40 
12 9-5? 68 


thoroughfare is also one requiring special treatment. 
To avoid the sudden contrast to drivers of vehicles 
entering or leaving the main street, it has been pro- 
posed that the lighting of the side street should be 
increased gradually as the main street is approached. 
This would certainly seem to be a wise proceeding. 

The above treatment of glare in the case of street 
lighting is, however, novel as far as the author is aware 


30? ° 20° 
Fic. 20.—Limiting polar curve for street-lighting fitting. 


and, as it was developed in connection with the pre- 
paration of a proposed British Standard Specification for 
Street Lighting, it may be of some interest as an 


example of an attempt to apply the results of what was 


primarily a psychological investigation to a practical 
illuminating engineering problem. 


CONCLUSION. 

Finally, it may not be out of place here to add a few 
words on the bearing of lighting progress on the 
electrical industry in general. Lighting has developed 
with great rapidity during the last decade. [t is 
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destined to develop still further during the years to 
come. The opinion has been expressed that many 
modern lighting installations providing an illumination 
of 3 or 5 foot-candles represent the saturation point, 
at least as far as load is concerned. The author does 
not agree. Far higher degrees of illumination will be 
found advantageous so long as proper care is taken to 
ensure that the light provided is used in the right 
way. € 

It may well be that a proper distribution of the 
light provided, or a desirable modification of its spectral 
distribution, may result in a utilization factor far lower 
than that commonly attained at the present time. Such 
an apparently wasteful system may, in reality, be the 
best when the psychological factors are given due 


weight in the problem, and there is every indication 
that the economic value of good lighting is such that 
even a large increase in lighting costs may be far out- 
weighed by the benefits resulting from increased econo- 
mic efficiency. It is not too much to say that 90 per 
cent of people in this country carry on their work after 
daylight hours by an inadequate illumination and an 
unsuitable system of lighting. A quadrupled lighting 
load, properly employed, would result in better health, 
physically and mentally, and its cost would be trifling 
compared with the benefits it would confer on every 
class of the community. 


[The discussion on this paper will be found on page 
761.] 
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THE PROBLEMS OF PUBLIC LIGHTING BY ELECTRICITY. 


By Lieut.-Commander Haypn T. Harrison, R.N.V.R., Member. 


[Paper first received lst December, 1926, and in final form 8th January, 1927; read before THE INSTITUTION 3rd March, 
before the NORTH-WESTERN CENTRE 8th March, before the SouTH MIDLAND CENTRE 9th March, and before the 
MERSEY AND NORTH WALES (LIVERPOOL) CENTRE 21st March, 1927.] 


SUMMARY. 


At the commencement of this paper the author points 
out that very little advance has been made in public lighting 
and that the conditions are very similar to those which 
existed in 1913. He contends that the demands of modern 
civilization are such that the height, spacing and position of 
light sources should be re-arranged to avoid the use of very 
brilliant light sources and to reduce obstructions to vehicle 
and pedestrian traffic which are liable to endanger the safety 
of the public. 

For this purpose it is proposed that the light sources 
should be centrally suspended at frequent intervals by means 
of span wires, which, in order to reduce the cost and to 
simplify control and maintenance, should support the con- 
ductors. 

Various examples of overhead suspension and of the usual 
method of supporting by means of columns are cited, with 
the object of comparing these with the suggested solution of 
the problem. 

It is pointed out that modern gasfilled electric lamps, due 
to their light weight and the little attention required, are 
specially suited to the suggested method of support, and 
that when combined with the necessary conductors the whole 
overhead equipment is inexpensive and not unsightly. 

Figures relating to the initial cost and operating expenses 
of the construction proposed by the author are given and are 
compared with the existing examples previously referred to. 

The second part of the paper deals with side streets, lanes, 
alleys and slums, which the author contends deserve imme- 
diate attention in order that the poorer classes may live 
under brighter conditions. In such cases he advocates a 
similar overhead construction at a reduced cost, which 
would result in increasing approximately two hundredfold 
. the illumination at the dark parts. 

High roads and arterial roads passing through populated 
districts and used by motor traffic form the subject dealt 
with in the last part of the paper. The author proposes 
that this class be illuminated by means of highly concen- 
trated light sources similar to motor-vehicle headlights and 
fixed at a considerable height to give the required vertical 
illumination advocated by automobile authorities, but so 
arranged that no illumination is required from the adjacent 
source, thus reducing the glare. 


INTRODUCTION. 


Before going into the details of these problems, the 
author proposes to quote an extract from a paper 
before the Illuminating Engineering Society, by Mr. 
A. P. Trotter, in 1913, on ‘‘ Standard Clauses for 
Inclusion in a Specification of Street Lighting," * in 
which the latter stated: ''It was decided to invert 
the order and to begin with the most extensive, and 
therefore very important, class in which the minimum 
(horizontal illumination) is below 0-01 foot-candle,”’ 
the highest class scheduled being E, 0-1 foot-candle. 

* Illuminating Engineer, 1913, vol. 6, p. 241. 


Mr. Trotter goes on to say: “ This leaves some 20 letters 
available for such higher classes of illumination as the 
progress of civilization may call for, classes which 
electric light and gas engineers will be happy to provide 
when invited." Since that date civilization has de- 
manded progress, but only in the higher classes has 
it been appreciable and there only in a few isolated 
examples. 

The reasons why public lighting must be generally 
improved, especially in the lower grades, have been so 
often reiterated that it is unnecessary to repeat them 
here, yet the safety of the public still has to be provided 
for by the motor-vehicle headlight, and the protection of 
property by the policeman's lantern. 

The reason why improvement has not been made is 
generaly found to be a matter of cost; therefore this 
enters largely into the problems dealt with in this paper, 
in which the author will endeavour to describe means by 
which the illumination of streets of all classes can be 
raised to the standard demanded by civilization of 
to-day without incurring an expenditure that would 
materially increase the rates. 

It is not proposed to deal with the present or future 
gradings, but to divide public lighting into two classes, 
the first being that which relates to the lighting of 
high-class thoroughfares, shopping districts, and similar 
streets where good general illumination is required to 
light not only the road and footways but also the 
buildings and surroundings. The second class, which 
as regards extent probably includes 90 per cent of all 
public lighting, will refer to the less-important thorough- 
fares, side streets, residential districts, high roads 
through populated areas, and the new arterial roads to 
the sides of which residents are rapidly being attracted. 

The divergence between these two classes may be as 
great as 200 to 1 as regards minimum horizontal illu- 
mination, but as the safety of the public, which is the 
chief object to be aimed at in the latter class, is not 
necessarily controlled by that factor the difference is 
not so much as it would appear. 

These two classes are diagrammatically represented 
by Fig. 1, the first class (A), (B) and (C) being that 
where general ilumination is required in order to 
satisfy the desire for brightness, illumination of buildings, 
civic monuments, etc., and to encourage trade and 
advertise the possibilities of a lighting agent. 

Class 2, shown as (D) and (E) in Fig. 1, is a utilitv 
class designed to preserve the safety of the public, to 
assist the police by making it possible to recognize 
faces, etc., and to encourage the use of the roads at 
night by motor vehicles, thus reducing the trathc 
by day. : 

Before dealing with the suggested solution of these 
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problems, it is proposed to examine some of the more 
striking examples existing at present, and to consider 
the reasons why a wide general adoption of such solu- 
tions has not taken place. 

Example 1.—In the opinion of the author the main 
streets of the City of London are one of the best examples 
in this country of high-class street lighting, despite the 
fact that the installation dates from 1911. In this 
case the light sources, both gas and electric, are centrally 
supported from span wires attached to the buildings 
at a height of 27 ft. 6 in. ; whilst in the few cases where 
the width of the streets permitted, the lamps are on 
central columns at a height of 25 ft. 6 in. The spacing 
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Example 2.—A second example about the same period 
is that described by Messrs. S. L. Pearce and H. A. 
Ratcliff in their paper entitled '' Recent Developments 
in the Street Lighting of Manchester ” read before the 
Institution in 1913.* This is also a central-suspension 
system using flame arc lamps, spaced 114 ft. to 124 ft. 
apart, and 27 ft. 6 in. from the ground. In this case 
opalescent globes were used giving a general illumina- 
tion, the minimum being 0:5 foot-candle at a con- 
sumption of 5 watts per linear foot. 

Example 3.—As a third example it is interesting to 
note that in Oxford Street, London, where gasfilled 
electric lamps have replaced the flame arc lamps, the 
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averages 125 ft. except in Cheapside, which is regarded 
as a shopping street, where it is reduced to 95 ft. The 
light sources originally installed, namely, long-burning 
flame arc lamps, are still used and are provided with a 
special type of dioptric globe for increasing the candle- 
power, which results in a minimum horizontal illumina- 
tion approaching 1 foot-candle in the case of Cheapside, 
at a consumption of approximately 5 watts per linear 
foot. The author has had the opportunity of showing 
this installation to several experts from various parts 
of the world who criticized it most favourably, and as 
it resulted in a saving of nearly £7000 per annum in 
the lighting rate, there is no doubt that it reflects great 
credit on those responsible for its conception. 


requirement was the general lighting of the buildings 
to the top, with the result that a high degree of illumina- 
tion was sacrificed in order to obtain the more pleasing 
general effect which results from the use of large diffusing 
lanterns. Nevertheless, the illumination has proved 
ample—no doubt due to the absence of glare—despite 
the fact that in some parts it falls as low as 0-2 foot- 
candle. 

Example 4.—A fourth and more modern example, 
where a complete rearrangement of height and spacing 
has been made, is Baker Street, an important thorough- 
fare leading out of Oxford Street. In this case the 
municipal electrical engineer wished to provide light 


* Journal I.E.E., 1913, vol. 50, p. 596. 
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sources supported on central columns, but the Traffic 
Advisory Committee of the Ministry of Transport were 
opposed to any increase in the number of street refuges, 
and as span suspensions appear to have been over- 
looked, the lights were supported at a height of 22 ft. 
from brackets on columns, the majority of which are 
onthe kerb. Owing to the very varied nature of the 
spacing, from 75 to 140 ft., the minimum illumination 
on the road-level must fall to approximately 0-2 foot- 
candle. The total electrical energy used is 7 watts 
per linear foot, the capital cost, excluding the ordinary 
distributors to which the lamps are connected, being 
approximately £3 000 per mile. 

Example 5.—As a fifth example of modern lighting 
of important highways, the main road into London 
passing through Croydon has been very favourably 
criticized by all, including motor-car drivers. This is 
lighted by special reflector fittings attached to the 
tramway brackets, which are spaced at 110 ft. and are 
24 ft. high. They produce a minimum horizontal 
illumination of 0-25 foot-candle for a consumption of 
4 watts per linear foot. The capital cost was between 
£500 and £600 per mile, excluding mains. If overhead 
conductors had been used the total cost, including 
conductors, would not have exceeded £750 per mile. 

Example 6.—As a sixth and final example of high- 
power lighting we will take what are probably the most 
brilliantly illuminated streets in this country, namely, 
those in the Westminster district near Charing Cross, 
where it is claimed that the minimum illumination 
reaches 2-4 foot-candles in certain parts. This result 
is obtained by the use of two 1500-watt gasfilled 
lamps in prismatic fittings with clear glass outer globes, 
spaced 113 ft. apart at a height of 25 ft. Each column 
therefore supports light sources exceeding 7 000 candle- 
power at certain angles, the power required being 
27 watts per linear foot. This large consumption of 
electrical energy is not unusual in America, but in 
this country diffusing globes are nearly always adopted 
with such a high degree of brilliancy. 

There are many other examples, in cities such as 
.Glasgow, Leeds, Newcastle, etc., where high-grade 
illumination exists in the main streets, but those chosen 
are sufficient to emphasize the following points :— 


(a) That the best results are obtained by means of 
light sources centrally situated. 

(b That the modern traffic conditions combined 
with the comparatively narrow streets existing 
in this country make it advisable to reduce 
obstructions by dispensing with standards 
where possible. 

(c) That further increase in the brilliancy of light 
sources is inadvisable, unless the height is 
considerably increased. 


LIGHTING OF HIGH-CLASS THOROUGHFARES. 


In the author’s opinion it is a mistake to attempt to 
attain by increasing the power of the existing light 
sources the high degree of illumination now demanded, 
as these light sources would need to be too brilliant to 
be pleasant and would in many cases defeat their own 
object by reducing visibility, on account of glare. He 


would suggest that the solution of the problem lies in 
the use of gasfilled electric lamps embodying the 
following advantages :— 


(1) High efficiency for both medium-power and 
low-power units. 

(2) Small weight of both light sources and the 
necessary conductors: for the same, which 
simplifies the problem of supporting and 
operating them. 

(3) Little attention required and low cost of 
maintenance. 


To take full advantage of these factors it is necessarv 
that the problem should be attacked ab initio and the 
common practice of utilizing the existing lghting 
supports abandoned. These are generally at heights 
and spacings designed, say, for oil lamps, and at a 
later period for gas, or in many cases to meet the sum 
of money available at the time. 

Objection may be raised that a completely new 
system must cost more to install than to convert the 
existing light sources; this need not necessarily be 
the case, but, even if it should be so, the economies 
resulting from the more simple control and reduced 
cost of maintenance will more than compensate for 
the increased capital charges. 

This first problem when aiming at a high standard 
of general illumination on the street surface and its 
surroundings necessitates that the luminous energy 
from the light sources must radiate in nearly all 
directions (see Fig. 1). Under these circumstances 
close spacing will lead to economy and also reduce 
the power of the light sources required for this high- 
grade lighting. 

Placing the light sources on either side of the road- 
way increases the spacing, results in some of the buildings 
being more highly illuminated than the road, and means 
a waste of luminous energy, the extent of which is not 
generally recognized. | 

To illustrate this, Table 1 (see page 755) has been pre- 
pared giving examples of theluminous energy required for 
various spacings and arrangements of the light sources 
shown in Fig. 1. 

The figures given are approximate, and in the case 
of the electrical energy may appear to be excessive, 
but allowances are made for the illumination of the 
buildings up to the level of the light sources, from 
which it gradually diminishes. The candle-power 
mentioned is at the mid-span position in the centre of 
the road; at certain other angles it is necessarily 
higher. 

Table 1 clearly indicates the advantages to be gained 
by close spacing and central supports. Posts or 
standards for this purpose not only are costly but are 
objected to by the highway authorities owing to the 
obstruction caused to traffic and the danger to the 
public from collisions caused by such obstructions. 
The author therefore submits that centrally-suspended 
light sources are the only solution of this problem, 
except in the case of wide roads. 

In streets where there are buildings on either side, 
the buildings form a natural fixing for such suspensions. 
Where such buildings do not exist or are unsuitable, 
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steel columns set back from the road against the frontage 
or in place of the buildings would be inconspicuous and 
free from obstruction. 

It is often maintained that the difficulties in the way 
of obtaining permission for fixings on privately-owned 
property prohibit this system of supporting public 
lamps, but this is rarely the case in shopping districts 
where improved lighting is going to benefit trade. 
Few cases will be found in which the owners of buildings 
would not prefer a small fixing on to the wall to a 
street standard extending upwards from the ground- 
level. It has been proved that the number of street 
accidents is reduced and the safety of the public 
increased by femoving street obstructions; there 
should therefore be no difficulty, with the help of the 
Electricity Commissioners, in obtaining Parliamentary 
powers by which permission for such fixings could not 
be unreasonably withheld. 

It is proposed that these overhead suspensions 
should also form and support the necessary distributing 
conductors, which need be of the least sectional area 
possible for the mechanical stresses, as the number of 
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Increased visibility obtained by raising the light 
sources and reducing their brilliancy. 

Road obstructions dispensed with and the footways 
left clear for pedestrian traffic. 

Lower initial cost, due to the elimination of ornate 
columns and brackets and the reduced number of 
underground service points, etc. 

Lower running costs, due to the reduced consumption 
of electrical energy and the automatic group control 
oflighting and extinguishing. 

Greater reliability resulting. from the decreased 
number of underground points and the accessibility of 
conductors. 

As regards disadvantages, the author is only able 
to suggest those of an esthetic nature which might be 
raised if it were not for the fact that, due to the small 
dimensions of the supporting wires and the necessary 
conductors, they are hardly visible at the height at 
which it is suggested they should be placed. 

Mr. Harold Dickinson, in his paper entitled “ Notes 
on the Street Lighting of Liverpool," read before the 
Institution of Public Lighting Engineers in September 


TABLE I. 


For Approximate Illumination of 1 Foot-candle. 


p———————————— | eee EES, 


Number Spacing Height Ratio 
feet feet 

(a) 40 20 2 to 1 

(b) 50 25 2 to 1 

(c) 60 30 2 to 1 

(d) 90 30 3 to 1 

(e) 120 30 4 to 1 


feeding points can be so arranged that the electrical 
energy to be transmitted is small and the distance 
short. 

Electrical engineers have for many years dealt with 
overhead transmission for tramway purposes and have 
so satisfactorily overcome all the difficulties which 
were encountered in the early stages that the length of 
tramway rail supplied from overhead conductors is 
probably greater than the length of the streets which 
will ever require illuminating up to the standard under 
consideration. 

The public have become accustomed to the appearance 
of tramway conductors and their supports which, due 
to their necessarily substantial nature, are conspicuous 
and sometimes unsightly, whereas those proposed for 
the public lighting would be barely noticeable. 

The advantages to be gained by dispensing with 
columns or posts situated on the kerb and centrally 
supporting the light sources by means of span wires 
which also carry the conductors may be summarized as 
follows :— 

Increased and more even illumination on the road, 
footways and buildings resulting from the more closely 
spaced light sources, and more efficient distribution of 
luminous energy. 


Width of street Candle-power Watts kW per mile 
feet 
40 350 300 40 
50 550 400 42 
60 750 500 44 
60 1 750 1 500 87 
60 3 500 3 000 132 


last, mentioned that certain forms of overhead equip- 
ment are a hindrance to the operations of the fire 
brigade; but this would not apply to the system 
proposed, nor is it generally raised as being an objection 
to overhead tramway systems. 
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Considering the predominating advantages possessed 
by the central-suspension span-wire system, the author 
is of the opinion that it will provide the solution of 
the problem of high-grade street lighting and will 
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probably lead to the universal adoption of electricity 
for that purpose. 

As an example of such an installation, it is proposed 
to consider a typical street such as that diagrammatically 
illustrated in Fig. 4 in which, in order to expose the 
suggested span-wire suspension, etc., the buildings on 
one side are not shown. 


The width between the 


Conductor 


Wall supports 
Fic. 3. 


buildings, and the spacing of the light sources, have been 
taken as 50 ft., and the lamps as being suspended 
25 ft. above the level of the road. 

The form of suspension recommended is that shown 
in Fig. 2, but, if it is thought desirable to reduce the 
number of fixings to one-half, that shown in Fig. 3 
could be adopted. 


— 
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carry any weight beyond its own. Where the streets 
or roads bend, guy wire of small section can be taken 
from the top of the fitting to a wall fixing away from 
the centre of curvature. Should it be considered 
advisable for the purpose of appearance, this may, with- 
out appreciable extra expense, be done to all spans on 
both sides as shown in dotted lines in Figs. 2 and 4, 
in order to make the point of support of the conductor 
more rigid. Such guy wires do not take any weight and 
can therefore be of very small section. The terminal 
ends of such a suspension system are guyed in the usual 
manner from a further point on both sides. 

The engineering side of the problem is thus of very 
simple nature and a large factor of safety is ensured 
owing to the light weight of the fittings to be suspended 
and to the large sag which is allowed, any swinging 
being prevented by the longitudinal wires and con- 
ductors. It might be mentioned that a sag in the 
supporting span wires of as much as 10 per cent of 
their length does not adversely affect the appearance. 

The longitudinal conductors and guard wire are 
preferably as taut as possible, and this presents no 
difficulty. They are also light, the supports are numer- 
ous, and the wires can conveniently be tightened from 
either end, where the terminal stays exist, before the 
various attachments are finally clamped. 

In the case of 50 ft. spacing with approximately 
50 ft. spans, allowing for fittings weighing 20 lb. and 
the necessary conductors for a 1 000-ft. run with a 
voltage-drop of 5 per cent when using 500 watts per 
fitting at 200-240 volts, the strain on any fixing will 


Fic. 4.— Perspective view of ‘‘A’’ construction with one side of street removed. 


It will be noted by referring to Figs. 2 and 4 that the 
steel span wires, guy wires and longitudinal wire are insu- 
lated where attached to the buildings or other supports, 
being earthed only at the switch or feeding point, and 
thus become the neutral or earthed conductor of the 
system. The insulated conductor, which is threaded 
through reel insulators at each fitting and passes 
longitudinally down the centre of the street, does not 


not exceed 100 lb. and, with a safety factor of 10 on 
the span wires, the outside diameter of no wire would 
exceed 0-3 inch. 

The electrical details described above allow for the 
guard wire shown in Fig. 2 to be of copper, as it acts 
as the neutral or earth-return conductor, and should there- 
fore be of approximately the same resistance as the insu- 
lated main. If the construction shown in Fig. 3 is used 
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this wire can be dispensed with or reduced in section, 
depending on the area and conductivity of the diagonal 
span wires, which then become conductors. 

The illuminating problem is of the simplest nature, 
the distribution of light being arranged for in accordance 
with the ratio of the spacing to the height, as in an 
ordinary factory bay or elongated area. 

The use of diffusing globes is a matter of taste, as 
the height proposed is sufficient to keep the light 
sources well out of the field of vision. If diffusing 
globes or lanterns are used they can be so shaped as 
to distribute the light correctly for illuminating purposes. 

Owing to the number of supports, any likelihood of a 
live wire falling is a very remote contingency, and as 
these are insulated with a permanently flexible medium, 
no danger would result. Nevertheless, should it be 
considered advisable to take every precaution, catenary 
wires consisting of No. 16 S.W.G. copper wire can be 
used between the live conductor and the guard wire at 
intervals of, say, 10 ft.; these are hardly visible at a 
height of 25 ft. and would prevent any of the conductors 
from falling within 15 ft. of the ground. 

Attention.—The attention necessary for such an in- 
stallation when compared with that for one embodying 
arc lamps, gas mantles, or similar devices which require 
attention at short intervals, becomes a relatively 
small item of cost provided a rapidly transported, easy 
means of access to the light sources is available. 

The present system of lowering the light sources by 
means of gear, with its numerous attachments such as 
contact hoods or trailing wire, winches, pulleys, etc., 
increases the first cost and weight of the overhead 
construction, and is unsightly and slow in operation. 

Modern gasfilled electric lamps only require renewals 
from two to four times per annum, depending upon the 
efficiency at which they are operated, thus the attention 
required is chiefly cleaning, which, except where the 
atmosphere is heavily laden with smoke and dirt, is 
generally carried out 12 times a year. 

The author proposes that access to the light sources 
should be gained by means of electrically propelled 
and operated tower wagons especially designed for the 
purpose. Heavy batteries at the base of the wagon 
would provide the necessary power and ensure stability, 
even with a narrow wheelbase. The energy from the 
battery could be used for raising the platform on which 
all controls and steering gear would be mounted, thus 
reducing the work of cleaning to a one-man job. The 
cleaner, without lowering the platform, could move 
from lamp to lamp at a pace certainly equal to that of 
walking, and thus deal in the same time with a larger 
number of lamps than is at present possible with two 
men, who are generally employed when lowering gear 
is used and much of whose time is occupied in raising 
and lowering the lamp. 

It is estimated that by this means one man could 
deal with an installation of 1 000 lamps at the spacings 
suggested (or even when spaced at 100 ft.), which 
represents a total cost of attention not exceeding 
4s. per lamp per annum. 

Lighting and extinguisking.—The cost of lighting and 
extinguishing becomes a negligible factor where the 
lamps are controlled on the group system by time 
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switches or by the police, as one switch can be made to 
deal with many hundreds of lamps if relays are 
introduced at the feeding points. 

Lamp renewals.—The subject of lamp renewals is at 
the present time receiving attention from many muni- 
cipal engineers who are of opinion that, at the low 
charge for electrical energy generally conceded to 
street lighting on account of its high load factor, it is 
advisable to operate the lamps at a lower efficiency 
than that mentioned in the B.E.S.A. Specification. 

It has been stated that in practice an average life of 
2 000 hours can be obtained by operating the Jamps at 
a pressure 5 per cent below that marked on them; 
but it must be remembered that this would result in a 
reduction of nearly 20 per cent in the candle-power 
(with high-power lamps). Thus the energy should be 
increased by that amount. With electrical energy 
below 14d. per unit a saving would still be effected. 
When lamps are allowed to burn out at various times, 
the labour cost of renewal is increased, as a greater 
number of special visits have to be made for that 
purpose and noticeably irregular lighting results, owing 
to the great variation in candle-power often found 
between two adjacent light sources, due to one being 
new and the other of extreme age. These disadvantages 
should therefore be borne in mind. 

Deterioration.—lLight diminution due to numerous 
causes must be allowed for when designing an installa- 
tion. The causes include the following :— 


(1) Original tolerances allowed to lamp manu- 
facturers by the B.E.S.A. Specification 
Reduction of 12:5 per cent 
(2) Decrease in power during 1 000 hours 
Reduction of 10 per cent 
(3) Reduced pressure at point of connection 
(4 per cent allowed) causing reduction of 
light - .. Say 10 to 16 per cent 
(4) Absorption of light by dirt up to Say 25 per cent 


If all these factors were to operate adversely to their 
maximum extent at the same time the illumination 
would be reduced by over 50 per cent. Fortunately 
such a contingency does not often arise, but a reduction 
to from 60 to 70 per cent of the designed illumination 
is not uncommon and should be allowed for. 

Cost.—TIhe prime cost of an installation such as 
that described by the author in (b), Table 1, including 
all the necessary materials, conductors to switch points 
and erecting the same complete, works out approxi- 
mately as follows, for various grades of illumination :— 


£650 per mile. 
£575 per mile. 
£525 per mile. 


(a) Minimum 1 foot-candle 
(b Minimum 0:5 foot-candle 
(c) Minimum 0-265 foot-candle .. 


The above figures refer to installations where fixings 
can be obtained on buildings. Where steel poles are 
necessary they can be of relatively small dimensions 
if guyed outside the limits of the street. Thus the 
increased cost, though considerable, would probably 
not exceed 50 per cent. 

Maintenance and operating costs, including electrical 
energy at ld. per unit, four lamp renewals per annum, 
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lighting and extinguishing, cleaning, interest and sink- 
ing fund on a 10 years' loan basis are approximately :— 


(a) Minimum 1 ft.-candle £1 000 per mile per ann. 
(b Minimum 0-5 ft.-candle £600 per mile per annum. 
(c) Minimum 0-25 ft.-candle £475 per mile per annum. 


Comparison with existing practice, such as that cited 
in Example 4 of the methods usually adopted at the 
present time, shows that for the same standard of 
illumination the operating cost above mentioned would 
' be little more than that required to cover the interest 
and sinking fund, despite the fact that these do not 
include the mains. 

When compared with a more similar installation such 
as that described in Example 2, it will be found that 
at the same cost per unit and loan charges the mainten- 
ance and operating costs would be the same for the same 
iluminating results. It is impossible to compare the 
capital charges in this case, as those at Manchester 
included expensive arc lamps (of considerably greater 
weight than the incandescent fittings), and underground 
services, and were based on too small a number of light 
sources to allow of low cost of erection. On the other 
hand they did not include the mains necessary for 
economic control. 

The author submits that owing to the advantage 
which electricity offers for economically supplying and 
controlling closely-spaced light sources suspended at a 
considerable height by fixtures already existing, the 
cost of providing the high degree of illumination now 
demanded for important streets and thoroughfares 
would be brought within the means of all municipal 
authorities. 


LIGHTING OF LESS IMPORTANT THOROUGHFARES. 


The second problem, which deals with side streets, 
residential streets, roads used for traffic, country town 
and suburban districts and the numerous slums which 
exist in all large towns and cities, is, in the author’s 
opinion, by far the more important, not only on account 
of its magnitude, but also because it affects the safety 
and to a large extent the welfare of the masses. 

Central districts, shopping thoroughfares and the 
show-places of a town or city are the plums in the cake, 
and the great mass of dough of which it is made up 
has received very little attention. 

For example, those concerned in the slums and resi- 
dential districts where the poor live are a few policemen 
and a mass of people who, never having experienced 
the benefits of brightness such as we have been con- 
sidering, have come to look upon it as one of those 
things which are not and never will be a factor in their 
sordid lives. And yet a little thought, a few pence 
on the lighting rate, and the slums might be much more 
brilliantly illuminated, which would not only brighten 
the lives of these people, but also, by making dirt and 
squalor visible, probably help them to help themselves. 
A series of bright lamps suspended in the centre of 
lanes and courts from the buildings is all that should 
be necessary. At present only a small-power lamp is 
provided here and there in order that the police may 


see their way from place to place, leaving it necessary 
for them to use their own lanterns when they need to 
examine any detail. Here, again, electricity could 
step in and prevent what is and always will be, while 
it remains, a blot on modern civilization. In some 
cities, such as Glasgow, care and attention are being 
given to this problem, but the engineers concerned are 
never freed from the bonds of expense. 

Side streets, lanes, alleys and slums can all be dealt 
with on the lines suggested for the better-illuminated 
streets, as they are generally narrow and the buildings 
eminently suitable for fixing. The minimum degree of 
illumination to be aimed at should, in the author’s 
opinion, not be less than 0:1 foot-candle, which could 
be obtained by light sources spaced 100 ft. apart and 
25 to 30 ft. high and consisting of 100-watt lamps in 
suitable reflectors. The capital cost of such an arrange- 
ment, based on switch feeding points at half-mile 
intervals, would not exceed £450 per mile, including 
conductors. The operating charges, allowing for repay- 
ment of the loan in 10 years and ld. per unit for the 
supply of energy, would work out at approximately 
£165 per mile per annum, or probably much the same 
as the present form of beacon lighting giving a minimum 
illumination of 0-0016 foot-candle, i.e. practically dark- 
ness between light sources. 

Thus the standard would be raised over 70 times, 
which means that it would be equal to that existing in 
the high streets of many cities and towns, and the cost 
would be little, if any, more. 

The streets and roads forming the middle-class 
residential districts and suburbs are more difficult to 
deal with, owing to the buildings being set back from 
the road; the latter is often lined with trees which, 
when grown up, considerably interfere with the light 
distribution. In newly developed countries such as 
America, and on the Continent, where electricity is 
generally distributed by overhead mains, the poles for 
supporting the cables also carry the street-lighting 
fittings, thus simplifying and reducing the cost. In 
this country, where underground mains have been used 
and the public lamps are supported on cast-iron 
standards about 10 ft. high and spaced at intervals 
ranging from 150 to 250 ft., street lighting is a misnomer, 
the term '' beacon lighting " more accurately defining 
the result. 

The author considers that this problem should be 
dealt with in conjunction with the private supply, as 
the decision may rest upon the suitability of the under- 
ground or overhead system, bearing in mind that the 
developments in this country tend towards alternating- 
current distribution, in which case overhead conductors 
have many advantages when dealing with this class of 
district. 

The usual practice hitherto has been to replace gas 
lamps by electric lamps either in the existing lanterns 
or on so-called swan-necked brackets. An example of 
this nature has lately occurred in the outskirts of 
London, where several thousands of existing gas 
lanterns have been fitted with electric light. Despite 
the fact that the engineer concerned advocated a 
radical change, he was compelled to use the existing 
fixings. Although every detail has been carefully 
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designed with the object of producing the best result 
in the circumstances, the vertical illumination falls 
below 0:0045 foot-candle, less than 1/50th of that 
required to ensure the safety of the public, and the 
minimum horizontal illumination on the road rarely 
rises to 0-003 foot-candle, which can truthfully be 
called ‘‘ beacon lighting." The consumption of electrical 
energy in this case is practically the same as in the 
solution of the problem suggested by the author; and 
the capital expenditure per mile could not have been 
much less. 

In another example of a similar nature the engineer 
has provided about 1/10th of the necessary traffic 
illumination. In order to do so, directive reflectors 
have been used giving from 400 to 500 candle-power in 
the street. The existing posts having been used, the 
lamps are from 10 to 12 ft. from the ground, and this 
would be considered by many to give a glaring result, 
but the arrangement is, nevertheless, preferred on 
account of the increased illumination which results. 

It is this process of patching up obsolete street- 
lighting installations which the author and all engineers 
must deplore, especially when it is known that if full 
advantage be taken of electricity and correctly-spaced 
modern illuminating devices at suitable heights, much 
better results would be obtained and the cost of installing 
be very little more than that of the patchwork process 
which is so dear to the hearts of the existing municipal 
authorities. 

If existing lamp posts and lanterns must be used, it 
is imperative in the majority of districts that their 
numbers should be doubled in order to reduce the 
spacing to a reasonable limit, and that the most 
powerful light 'sources permissible, considering the low 
height, be introduced. The cost of the change will, 
however, probably exceed that of a complete new 
installation on modern lines. 


TRAFFIC LIGHTING. 


High roads, arterial roads, and those used by modern 
high-speed traffic through rural districts where a scat- 
tered population exists, require consideration on account 
of the danger which they represent to the public. In 
the United States, where motor-car traffic is admittedly 
very dense, 21000 people were killed in motor-car 
accidents in 1925, and statistics go to show that 35 per 
cent of these accidents occurred at night, despite the 
fact that the density of the traffic is then at its lowest. 

In this country, where motor-car traffic is rapidly 
reaching a similar density, it is becoming very important 
that the streets and roads on the borders of populous 
cities or in rural] districts should be lighted to the extent 
to which it is necessary for the public safety. 

In the case of the motorist who has at present to 
provide this illumination and needs to carry not only 
the light sources but also the power or fuel for the 
same, the most satisfactory means has proved to be 
electricity, owing to the efficiency which it possesses 
for converting mechanical energy into light, and also 
to the fact that such light when produced can be more 
accurately directed than light from any other source. 

The same facts apply when the light is mounted on 


fixed supports adjacent to the road, with certain other 
advantages of considerable importance, namely :— 


(a) Being fixtures, one set of lights is sufficient for 
all motor vehicles and for other users as well. 

(b) The lights being rigidly fixed above the field of 
vision, the eyes of those using the road are 
not subjected to the extreme limits of dazzle 
caused by momentarily flashing powerful light 
sources in and out of the field of vision, which 
cannot be prevented when the light sources are 
mounted on a vehicle moving along an irregular 
surface. 

(c) The care, attention, adjustment and control are 
in the hands of an authority who could be held 
responsible for their proper maintenance. 

(d) The lights would be fixed in a position where 
they were least likely to cause glare. 


The author has carried out many tests on what may 
be conveniently called the beam method of traffic 
lighting, in order to investigate the proposals published 
in his paper on '' Street Lighting ” before the National 
Illumination Commission at Geneva in 1924, in which 
he suggested that for traffic the source of illumination 
should be rigidly fixed below the level of the eye in 
order to prevent glare completely by removing the 
lamps from the field of vision. 

The result, in practice, of such a proposal is to fulfil 
all the requirements scheduled by the authorities who 
have issued regulations on the subject of headlights ; 
but the effect on the public is so extraordinary that 
it is doubtful whether the method will ever become 
popular. 

One alternative is to place the light sources as high 
as possible, where those adjacent will certainly be out 
of the field of vision of a motor driver or pedestrian 
looking at the road before him, and would only cause 
glare to that peculiar class of people who cannot help 
staring at a light and for whom it is at present impossible 
to legislate. 

From the research work carried out and the regula- 
tions already published and adopted for motor-car 
lighting, it would appear that in order to preserve the 
safety of the public as far as possible, sufficient light 
must be directed at certain angles, the illuminating 
effect of which is conveniently tested on a vertical 
target. 

Careful examination of these recommendations and 
regulations, which are based on the light sources being 
3 ft. above the level of the road, show that 172 ft. 
from the observer the illumination on the vertical just 
above the road-level should not be less than 0-25 foot- 
candle or exceed 1 foot-candle and extend over a hori- 
zontal angle of 4°, the existing maximum at 1° on 
either side of the central axis between the headlights. 
This represents light sources of approximately 7 500 
to 28 000 candle-power at a distance of 172 ft. 

The lateral power of the light source is limited and also 
the power above the horizontal, on account of the light 
sources being below the eye of the observer. If the light 
source is above the eye of the observer, whose eyes are 
taken as being 57 in. above the road, the diminution of 
candle-power demanded does not apply in the same 
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manner, for the reason that in the case of a motor 
vehicle the driver is supposed to be looking below the 
horizontal where the light source is situated, whereas if 
the light source is mounted at some considerable height, 
the nearer he approaches it the farther it is raised out of 
his field of vision. 

With light sources 3 ft. above the road, as is usual 
on motor vehicles, every motorist experiences the 
following sensation: the headlights of the approaching 
car are just visible but not unpleasant, and as they 
approach the glare becomes blinding until the car has 
passed; on the other hand, the headlights from his 
own car will make visible an obstruction without lights 
adjacent to the approaching car with the headlights at 
a considerable distance, but he will notice that the 
obstruction and even the outline of the approaching 
car will totally disappear when it reaches a certain 
point. 

This proves two things, namely, that as one 
approaches a light source its power should be reduced 
and the illumination on the obstruction remain the 
same. 

In order that a circular, projected beam may cover 
the necessary vertical area situated at any part of a 
long length of the road, the rays approaching the 
horizontal must be so used that a very elongated 
elliptical area of the road is covered as shown in (D) and 
(E),Fig. 1. This is an advantage when considerable height 
is available, as it results in the high-power rays reaching 
the eye fron only so great a distance that they do not 
produce glare when sufficiently powerful ‘to illuminate 
objects to the required degree. 

A solution of the problem is to take advantage of 
these factors, using fixings, say, 30 ft. high on which 
light projectors can be rigidly supported, such as the 
sides of buildings or poles carrying the necessary over- 
head conductors. These may be spaced at distances, 
say, of 300 ft., or from 17 to 20 to the mile. To produce 
an illumination of 0-25 foot-candle on a vertical object 
at any part of the road the maximum candle-power 
would need to rise to about 40000 at a distance of 
from 300 to 400 ft., which does not cause inconvenience. 
The power would be diminished at 250 ft. to 16 000 candle- 
power, and at 150 ft. to 6000 candle-power; and at 
100 ft. it would fall to zero, as the light from the source 
beyond the adjacent one comes into operation. 

It will be noted that in this solution the light from 
the adjacent light source, except any stray illumination 
from the lamp above, is not utilized. 

The lamps and reflectors for this purpose would be 
of the motor-car headlight type, easily constructed 
and maintained. The author has found that the result 
required can be obtained without difficulty by using 
50-watt lamps of low voltage (say 10 to 12 volts), of 
which there would be two at each support, or a total 
of 100 watts, i.e., say, 2 000 watts per mile. 

The capital cost, including overhead mains and pole 
supports, would not exceed £300 per mile, the cost of 
electrical energy at, say, ld. per unit being £35 per mile 
per annum. 

The cost of lamp maintenance is difficult to estimate, 
as 10-12 volt 4-ampere lamps are not largely used at 
the present time in this country, but there is no reason 


to suppose that it would exceed £2 per point, or £10 
per annum, and might not reach half that figure. 

With direct current the lamps would need to be in 
series of approximately 20 on the 200-240 volt circuits. 
With alternating-current supply, separate 100-watt 
transformers or compensators wound for a high ef- 
ciency at a constant full load could be used, thus making 
it possible to vary more easily the number of lamps on 
one circuit. 

The general principles are illustrated in Fig. 1 (Class 2) 
from which will be noted the effective means of over- 
coming glare. 

Such a scheme, based as it is on requirements for 
traffic purposes, may at first sight appear unsuitable 
for general purposes, but on careful investigation it 
wil be found to have many advantages. Not onlv is 
the traffic difficulty overcome, but it provides a high 
degree of vertical illumination and at no part is the 
road-surface illumination lower than generally exists at 
the present time, due to the efficient concentration of 
luminous energy in the area it is required to light. 

It also has the advantage that all roads could be 
efficiently illuminated, whether the mains existed or 
not, for a relatively small capital expenditure. A 
system similar to this has been adopted in America, 
namely, the ‘‘ Nouvaluxe,”’ but in this case high-voltage 
lamps are used, the concentration thus being reduced, 
and the luminous energy adjacent to the lamp is 
utilized, considerably reducing the efficiency and increas- 
ing the loss of visibility. 

In conclusion, to exemplify what is being done else- 
where, the author would like to call attention to a recent 
article in the Electrical World * entitled ‘‘ Obsolete 
Street Lighting Scrapped,” with the sub-heading 
** Indianapolis relights its Streets throughout the Citv— 
All Fixtures designed to harmonize, allow for Growth 
of the City and accommodate New Developments in 
the Lighting Art." The article goes on to say that the 
scrapped system is only 10 years old, and that “ of 
the various reasons why the Indianapolis street lighting 
was completely changed the fact that growth of auto- 
mobiles demanded better illumination was predomu- 
nant.” 

Two 1000-watt lamps 20 ft. high and spaced every 
105 ft. are now used in the streets where it is desired to 
direct traffic, 606 of these lamps being necessary. In the 
secondary business strects, single lamps of the same power 
are used at the same spacing and height. Throughout 
the residential districts the old flame arc lamps have 
been replaced by 10 000- and 6 000-lumen lamps. The 
entire installation is controlled from one point and 
gives 80 per cent more illumination at a small increase 
of cost. 

Examples such as this are rare, or unknown, in this 
country, and it is difficult to conceive of anv city com- 
pletely scrapping and reorganizing the lighting system 
after a period of 10 years. 

Twenty or thirty years have elapsed since the 
majority of the installations have been touched except 
to increase slightly the power of the lamps in the 
existing lanterns. It is therefore high time that some- 
thing was done and full advantage taken of electricity. 


* Electrical World, 1926, vol. 88, p. 1009, 
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LIGHTING OF OPEN SPACES, ETC. 


The numerous other problems which come under 
the head of public lighting, such as the lighting of 
open spaces, parks, bridges, etc., cannot be dealt with 
on the lines suggested in this paper as they are of a 
very different type. In such cases the use of under- 
ground conductors is generally essential, and, with the 
exception of bridges, all-round light distribution is 
required. The only suggestion which the author 
would put forward is that for open spaces of large area 
the best effect can be obtained with powerful light 
sources on very high standards and arranged to con- 
centrate their luminous energy within the prescribed 
area in such a manner as to provide as far as possible 
uniform horizontal illumination. 
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The likelihood of alternating-current distribution 
becoming more general in this country may lead to 
the adoption of the series system so commonly used 
in America. Under certain circumstances this embodies 
advantages which should be considered when designing 
a public lighting installation, as the cost may be 
materially reduced both for underground and overhead 
distribution, and in the case of small-power light units 
the efficiency and cost of maintenance can be sub- 
stantially reduced. 

The author trusts that the suggestions he has put 
forward may assist to solve the problem of economical 
public lighting and thus make it possible for those in 
authority to provide the illumination demanded by 
modern civilization. 


MR. WALSH AND MR. HARRISON.* 


DISCUSSION BEFORE THE INSTITUTION, 3 MARCH, 1927. 


Mr. C. C. Paterson: Mr. Walsh, towards the end of 
his paper, gives us by way of example the application 
of the subjective and the objective principles of illumina- 
tion to the problem of glare in street lighting. Hereto- 
fore engineers have mainly studied the objective half— 
the illumination of objects to be seen and the distribution 
of light from lamps—but they have been rather less 
inclined, I think, to take into account the subjective 
half of the problem—the effect on the eye itself of the 
disposition of the light and of the contrasts presented 
by the field of view so illuminated. Every illumination 
problem is divided into those two halves. There is the 
half of the problem when we consider the thing we are 
going to look at, but we are rather apt to forget the 
thing which looks at it, which is itself a very difficult 
and complicated problem, and by no means calculated 
to act always in a constant way. The street lighting 
problem is an immediate and urgent and a very practical 
one, and the subjective factor here is, if anything, more 
important than the objective one, for we must necessarily 
use the eye at the limit of its ability to function suffi- 
ciently satisfactorily for our daily, or perhaps one should 
say our nightly, needs; that is, we are using the eye 
very nearly without any margin of safety at all when 
we consider the lighting of streets at night. It is appro- 
priate that the first appearance in public of a B.E.S.A. 
street lighting specification should coincide with the 
presentation of these two papers, and that the authors 
of these two papers should have been very active members 
of the Committee which has occupied two years of hard 
work in drafting it. The specification itself looks simple, 
there does not look much of it to have spent two years 
upon, but there was very little to go upon, and many 
rather contentious points had to be settled before we 
could really begin workatall. Every B.E.S.A. Committee 
which presents for the first time a new specification is 
very conscious of the criticisms which can be levelled 
against its work—and the B.E.S.A. Sub-Committee on 
Street Lighting is no exception in this respect. But we 
put this specification forward with some confidence and 
with entire unanimity because we feel that any other 


* See pages 133 and 752. 


committee of engineers and highway authorities would, 
with the same set of facts and conditions before them, 
have come to much the same set of conclusions as we 
have. The specification is in draft form, and is put 
forward in the hope of its receiving the constructive 
criticisms and suggestions of members of the Institu- 
tion. Al] such criticisms or suggestions will receive 
the very careful consideration of the Committee. 
We should like members to read the preface to the 
specification before passing judgment upon it. As it 
is rather too long to read now, I shall confine myself to 
the last paragraph, which is as follows: '' There is no 
doubt in the minds of those responsible for this Specifica- 
tion that during the next few years the trend will, and 
should, be towards higher and better distributed street 
illumination, and the standards have been set to antici- 
pate the immediate future rather than to stereotype the 
past." I would ask those who will say that the 
Specification does not go far enough, to bear in mind 
that at present there is no classification and no criterion 
at all for the guidance of those responsible for the 
ordering or for the supply of street lighting installations. 
Furthermore, there are at present no generally recognized 
technical conditions for acceptance or maintenance 
tests for street lighting installations. Neither is there 
much in the way of generally accepted good practice 
to guide us. I do not mean that there is no good prac- 
tice, but there is no accepted standard of practice.f 
We therefore felt that our right course was to lay down 
a broad classification in terms of illumination, framed 
in such a way that it should not hinder future develop- 
ments of the art. Everyone agrees that illumination is 
one, and probably the dominating, factor in good street 
lighting. We all agree that diversity of illumination and 
glare also play important parts. But knowledge of these 
latter factors is not yet precise enough for them to be 
incorporated in mandatory clauses of a specification. 
There is, however, a basis for defining glare, due to 
Bordoni, which is developed and explained by Mr. 
Walsh, and this, the Committee considered, ought to 


f In this I am not overlooking certain authorities who for many years have 
required their lighting contractors to maintain under penalty a certain standard 
ofillumination in the streets which they contract to 'ight. 
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be made available in a tentative way to those concerning 
themselves with street lighting. With the help of 
Mr. J. M. Waldram, this glare proposal has been elabo- 
rated and reduced to the form of a definite criterion 
applicable to street lighting installations, and forms one 
of the appendices to the draft Specification. Its applica- 
tion is not mandatory, but suppliers of, or tenderers for, 
installations under the specification are required to work 
out and state this glare figure in each case, for the 
guidance of the purchaser, in order that we may make 
a beginning with a criterion of glare for installations of 
this kind. At some future date, when the Specification 
is revised, this method of dealing with glare may perhaps 
be made more definite and more mandatory, but at the 
present time the Committee did not feel that the state 
of the art was sufficiently advanced to put in definite 
requirements that the glare figure shall not exceed a 
certain amount, and so forth. It will be noticed that 
the Committee deliberately discard any attempt to 
classify streets according to traffic or other similar 
gradings. In Table 1 we give seven classes of street, 
graded according to the minimum illumination which 
they purport to have. Having done this, we considered 
it was the duty of the local authority to decide what class 
of street under the Specification was suited to the local 
requirements. Later on, traffic authorities may think 
it desirable to attempt some standardization on this 
point, but in the absence of any strong demand for it 
we felt it would be a mistake for this Committee even to 
make the attempt at this stage. The actual mandatory 
clauses of the Specification are simple and few in number. 
Clause 8, as I have said, defines the illumination for each 
B.E.S.A. class of installation, Classes A to G, and clause 
10 safeguards the public in the matter of the maintenance 
and the running of installations at a reasonable state 
of efficiency. The remainder of the Specification consists 
. mainly of clauses necessary for making practical the 
intentions of the above two clauses. The only exception 
is clause 12, which is in the nature of a safeguard against 
grossly ''glaring " installations. Clause 12 prescribes 
the minimum mounting height for each class of street, 
requiring, naturally, that for the higher-candle-power 
units greater mounting heights shall be used. Clause 13, 
requiring that posts shall not be further apart than a 
distance equal to 12 times their height, mainly concerns 
the lowest categories of street lighting installations, and 
particularly those which border on what the preface 
refers to as “ beacon ” lighting, and which Mr. Harrison 
has described in his paper in rather greater detail. The 
Specification contemplates two values for defining an 
installation, firstly that for which it is designed and to 
which it must comply when first accepted and when 
everything is clean and properly adjusted, and secondly 
there is the value below which it must not be allowed to 
fall by the maintenance authority when reasonable 
allowance is made for soiled glass surfaces or variations 
in burners or lamps and fluctuations of pressure, and so 
forth. It must be remembered that this Specification 
is as much for gas as for electricity. Now this second 
value, what we call the '' service ” value, of illumination 
is permitted, as a minimum, to be one-half the first ; 
a Class D street, for instance, in Table 1, with its 0-2 
foot-candle minimum illumination, when tested under 


ideal condition$ must have 0-2 foot-candle, but it must 
not fall below 0-1 foot-candle under ordinarv running 
maintenance conditions. The practical operation of 
these clauses demands carefully drawn-up conditions 
under which tests shall be made of installations, firstly 
for acceptance when new, and secondly in subsequent 
service, and these test-conditions are laid down in clauses 
15 to 20. Ido not think it is necessary to go into these 
clauses in detail; there is very little time ; but they are 
open for suggestion and criticism. Appendix 1 expands 
the testing clauses in certain detailed particulars. 
Appendix 2 is for the purpose of illustrating and making 
clear the sense in which the expression '* Mid-span point " 
is used in the Specification, because all illuminations are 
referred to what is called the ''Mid-span point." 
Appendix 3 gives figures to assist in correcting the 
candle-power of electric lamps to normal voltage ; and 
Appendix 4, with its curves, gives all the directions 
necessary for finding what is the '' glare " coefficient for 
any installation. It will be seen that these curves are 
similar to that which is elaborated in greater detail in 
Mr. Walsh's paper. Now we do not regard this specifica- 
tion as more than a first step, but we do feel confident 
that if adopted and used it cannot fail to help forward 
the art of street lighting in this country. In conclusion 
I should like, on behalf of my colleagues on the Com- 
mittee, to acknowledge the assistance we have had from 
many sources, not forgetting the labours of Mr. Trotter's 
Committee, which reported in 1913 and which, working 
under the auspices of the Illuminating Engineering 
Society, did such valuable pioneer work in this direction. 
I think there are many of us who feel that it was very 
unfortunate that the results of the work of Mr. Trotter's 
Committee did not bear fruit at that time, but we do 
really hope that we who have followed, perhaps inade- 
quately, in Mr. Trotter's footsteps may perhaps be more 
successful in getting something launched on a subject 
which is very ripe for proper handling, and we therefore 
commend this B.E.S.A. Specification to members in the 
hope that they will help us to improve it, and will point 
out any deficiencies which they may see in it. 

Mr. F. Bailey : With all Mr. Harrison's conclusions 
I entirely agree, and I attribute the success of the lighting 
of the City of London to the care with which the design 
was considered, every part being tested before it was 
erected. In fact, we had a year's experience of the 
installation before it was put on the streets at all, and 
every defect, therefore, was amply remedied before the 
real trial began on publicthoroughfares. Another point 
in connection with the City streets is the great import- 
ance of adopting central suspension where possible. 
Prior to 1911 we had in the City ordinary lamp-posts, 
the design of which I think had been approved years 
before by the Corporation. We were never satisfied 
with them, and when a few got knocked down by vehicles 
it became necessary to consider the better method of 
central suspension. In connection with the supplv of 
carbons to the magazine lamps which were then in their 
infancy, and which are working to-day as well as when 
we put them up, we had a certain amount of trouble 
in the first case in adapting the colour of the light to 
the requirements, a point which Mr. Walsh very properly 
pointed out, and in connection with some of the markets 
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of the City we were anxious, of course, to have a larger 
number of lamps and thus justify the establishment 
of a larger staff to look after them. It is very gratifying 
to be able to attend here after so many years, and to 
speak well of the lamps and the whole apparatus as 
erected then, and I should like to mention the large 
extent to which we were indebted to Mr. Oliver Peard, 
who was then in our employ, and who worked out the 
details with great success. We have to thank him, 
really, for the particular design of the dioptric lens to 
which we gave so much attention ; so much so, in fact, 
that we made the mould out of which the first were 
cast. Itis pleasant to know that in the City of London, 
the greatest city in the world, we have the best possible 
street lighting, so that when foreigners come here the 
first thing they do is to view the street lighting and ask 
for information. 

Mr. W. J. Jones: Mr. Walsh has quite rightly 
pointed out that the eye is the only final court of appeal 
when we are dealing with matters of illumination. 
He has confined his remarks chiefly to fundamental 
matters, but the paper is full of suggestive passages 
and there are just one or two matters on which I should 
like a little explanation. On page 739 there is a point 
with regard to the contrast on two sides of the Lummer- 
Brodhun field, which is given as 10 per cent. I should 
be glad if Mr. Walsh would make that point a little 
clearer. On page 746 he deals with the question of 
glare, mentioning the figure of 3 candles per square 
inch, and, I think, quite rightly points out that a bright- 
ness of 3 candles per square inch might quite readily 
prove glaring. I think, however, that when we come 
to deal with the question of totally enclosed diffusing 
fittings we should be a little more careful in what we 
specify as an upper limit. For instance, the figures 
resulting from the research at the National Physical 
Laboratory on a number of fittings are not, I think, 
altogether conclusive from the point of view of the 
upper limit which might be expected. The only fittings 
tested were totally enclosed ones with 100-watt lamps, 
so that immediately larger lamps are employed the 
brightness in candles per square inch would be prob- 
ably at least double the figures given by Mr. Grieveson 
in his official report. It is for that reason that I think 
Mr. Walsh is rather rash in prophesying the bright- 
mess that will be adopted for fittings in the future. 
I feel that every installation must be taken on its merits ; 
there is no other way of dealing with the matter satis- 
factorily. On page 748 Mr. Walsh deals with the 
question of the street-lighting problem, and makes the 
statement that if a high illumination is to be provided 
the sources must be of very high effective candle-power, 
at least along the direction of the roadway. I presume 
he has forgotten, at least temporarily, that it is possible 
to employ the alternative method of much closer spacing 
and smaller light sources. Perhaps one of the most 
important matters with which he deals is that of the 
coefficient of perceptibility, in the presence of glare. 
I feel that we should be very careful in regard to this 
subject, because it is based essentially only on a very 
small sphere of the total amount of work which should 
be done. For instance, Fig. 18 deals only with one 
field brightness, and that represents almost our sole 


information on the matter at the present time. I 
look forward to the time when we shall be able to specify 
our street lighting in terms of visibility. We should 
not be satisfied with merely defining the amount of 
glare we have present, or these various other factors, 
but rather try to obtain a criterion definitely in terms 
of visibility along a street, and I believe that it will not 
be very long before such a criterion is available. 

Mr. Paterson has dealt very clearly with the draft 
Specification. Although he has mentioned that the 
Specification does not do more than indicate the form 
of contract and give general information of that kind, 
no attempt being made to classify streets, I feel that the 
time is opportune for some Committee, if not a B.E.S.A. 
Committee, to deal with this very important matter of 
street classification, because it is only when that is 
thoroughly dealt with that the street-lighting Specifi- 
cation can be put into complete execution. 

Mr. L. Gaster: As Mr. Walsh remarked at the 
commencement of his paper, the subject of illuminating 
engineering is not a purely engineering one. In con- 
sidering what constitutes good lighting it is necessary 
to study the requirements of the eye, and to have the 
co-operation of the oculist. It is likewise necessary to 
have the views of the architect on esthetic and decorative 
aspects of illumination. These are only two out of many 
experts who are interested, so that illumination is a 
subject that essentially demands united effort. The 
Illuminating Engineering Society, which seeks to bring 
about this co-operation, and which has during the past 
17 years provided an impartial platform where all 
experts, users and producers of light can meet, has thus 
a field of its own. At the same time it is naturally to 
be desired that bodies like this Institution should take 
every opportunity of discussing aspects of lighting of 
direct interest to them. The real solution of lighting 
problems, therefore, is dependent on our success in 
enlisting the help of these various professions, and the 
general application of the best principles of lighting 
necessitates constant appeals to the general public. As 
a result of the work of the past 17 years, lighting experts 
have formed a fairly clear idea of the fundamental 
principles of good lighting, and are convinced of its 
importance to the public and the nation. Discussions 
amongst experts are valuable in elucidating principles. 
But it is no use preaching to the converted, and the chief 
present need is to bring the benefits of good lighting 
before the general public. In doing so one must be able 
to speak with authority, and the best basis for educa- 
tional effort is to be able to present conclusions formu- 
lated by bodies and committees on which all aspects 
of the subject are appropriately represented. This leads 
me to refer to one matter, in connection with which the 
Institution could render valuable aid—the educational 
problem. At the present moment it would probably 
be premature to attempt to train any large number of 
men with a view to their becoming exclusively '' illumin- 
ating engineers." But illuminating engineering enters 
into the work of everyone, and it is of the greatest 
importance that some instruction in this subject should 
be included in the curricula of leading colleges and 
educational establishments. Electrical engineers no 
doubt receive a certain amount of instruction in existing 
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courses. But it has been remarked that there is some 
tendency to dwell on technicalities (such as the manufac- 
ture of lamps) which are of vocational interest to the 
few, when it would be better to devote time to instruc- 
tion in the applications of light in daily life, which are 
of universal interest. One naturally desires that elec- 
trical engineers should receive such instruction, in view 
of the fact that lighting still remains one of the most 
important applications of electricity. But it is equally 
important that medical men—and especially architects 
—should receive such instruction. If the subject could 
be introduced in the curricula of institutions engaged 
in training architectural students, they would enter their 
professions with a sympathetic knowledge of illuminating 
engineering ; co-operation with them in the design of 
lighting installations would be rendered easier, and they 
would devote themselves to the study of the subject 
more freely so that we should have more opportunities 
of benefiting by their advice. In this way a really 
representative view of the nature of good lighting would 
be widely established and the path would be smoothed 
for future progress. I hope, therefore, that this question 
of the inclusion of instruction in illumination in courses 
for engineers, architects and others will receive the 
consideration of the Institution. 

Mr. P. Good: Mr. Paterson referred to the length of 
time his Committee had been in preparing this Specifica- 
tion, and Mr. Walsh referred to the very wise policy of 
the Department of Scientific and Industrial Research, 
and I should like to point out that in the course of the 
work of that Committee we had the very greatest assist- 
ance from the Department of Scientific and Industrial 
Research and other bodies, as Mr. Paterson has men- 
tioned, but I see no reason why some of those bodies 
should not be named. The research laboratories of the 
General Electric Co. and the Lighting Service Bureau of 
the Electric Lamp Manufacturers’ Association, as well as 
the Department, both carried out an enormous amount 
of work in connection with that Specification and, so 
far from two years being a long time to produce it, I 
think it wonderful that it has been produced in such a 
short time. 

I should like, as one of the general public, to make 
one comment on Mr. Harrison’s proposals. I think this 
country is very beautiful on the whole, and for anyone 
in 1927 to suggest putting more wires in the air is really 
a retrograde step. We shall get those wires, and then 
we shall have to put a guard wire over them to prevent 
telephone wires from falling on them, and then possibly 
wire netting under them to stop them falling on the 
people in the street. By the time we have finished 
there will arise a general agitation for the removal of 
all overhead wires. We have had a few comments 
already on the street lighting specification, and they all 
refer to the cost of producing the standard of illumination 
which this Committee has evidently in its mind for the 
future. I think we electrical people are far too fond 
of talking of the cost of lighting; we ought to talk of 
the cheapness of lighting, and begin to instil into the 
mind of the public the idea that lighting is cheap. The 
cost of street lighting is in general so cheap that we can 
very well afford to increase the illumination appreciably. 

(Communicated): To remove any misunderstanding 
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to which my remarks at the meeting may have given rise, 
I should like to take this opportunity of stating that I 
objected to the suggestion of overhead transmission 
wires, but not to the suspension of lamps on span wires 
such as is the practice in the City. Overhead suspension 
of lamps in the City of London is hallowed by time ; 
does not Leigh-Hunt record that illumination in the 
streets of London was started in Henry V's reign 
(1413-22) by means of lanterns slung over the street 
with wisps of rope or hay ? Where such methods are 
appropriate no exception can be taken to them, aithough 
it is a little disconcerting to a driver of a motor-car to 
find a change from a centrally suspended light to a light 
on a post, just when he turns out to pass a large lorry 
or omnibus. There are undoubtedly some streets where 
cross-wires from buildings form the most suitable 
method of suspending lamps, but the use also of over- 
head transmission lines supported on the span wires 
will, in a great number of cases, be a serious disfigure- 
ment and will often bring into use two posts for each 
lamp instead of one, as the transmission will be retained 
when the cross suspension from buildings is no longer 
suitable. I hope that overhead transmission for any 
purposes will be resisted in most parts of this country ; 
its cheapness is doubtful and that it is in many cases an 
eyesore can hardly be disputed. In regard to the cheap- 
ness of street lighting, last year in Greater London the 
cost amounted to but little over a farthing a head 
per week. i 

Mr. R. C. Fox : On page 748 Mr. Walsh mentions the 
fact that the best result is obtained when the colour of 
the artificial illumination approximates to that of dav- 
light. An installation which has just been put in one 
of the lecture rooms of the East London College consists 
of a totally enclosed system of illumination with davlight 
filters underneath it. It had the advantages mentioned 
by Mr. Walsh, but unfortunately it suffers from the 
defects of the totally enclosed system, that is, the ceiling 
is dark, giving it rather a dismal appearance. For this 
reason I think the semi-indirect system would have 
been better. 

With regard to Mr. Harrison's paper, I should like to 
ask the author what he means, on page 754, by the 
expression ''low-power units." Does he mean ''low- 
wattage ” ? The low-wattage, high-voltage lamp is 
usually considered to have an efficiency no better than 
that of the vacuum lamp up to 60 watts. In regard to 
the illumination of the slums and less-important 
thoroughfares, this would appear to be the first problem 
to tackle. The main thoroughfares, in the case of 
towns at any rate, nearly all contain big shops. The 
tendency, which is increasing, is to leave the lamps 
burning after closing-time to show the goods, and this 
all helps in the illumination of the streets. When the 
shop lights are switched off, the pedestrian traffic drifts 
away from the main streets into the side streets. These 
are very poorly illuminated, and when they are crowded 
the liability to accident is very much increased. I 
should like to support Mr. Gaster's remarks with regard 
to the education of those who wish to become illumin- 
ating engineers, and I suggest that the Lighting Service 
Bureau should arrange courses for students in the 
colleges. 
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Capt. W. J. Liberty : I am in entire agreement with 
Mr. Bailey in describing the lighting of the City of 
London as fairly ideal, and at the same time I find 
myself in disagreement with Mr. Good’s remarks with 
regard to the overhead system of lighting. Granted 
that the municipalities have statutory power and 
authority to carry out a system of overhead or sus- 
pended street lighting, in my opinion it is ideal. Fortu- 
nately, in the City of London we have those powers. 
Those who have seen the City of London lighting know 
that there is nothing to offend or hurt the eye, and, as 
Mr. Harrison said, with a mounting height of about 
27 ft. 6 in. and about 125 ft. run it is possible to get ideal 
lighting. Some American lighting experts who inspected 
the City of London street lighting said that they admired 
three things which in their opinion make it ideal. 
Firstly, it is possible to see the number of every motor 
that goes through Cheapside, no matter how fast it 
travels; secondly, one can pick up a pin from the 
roadway ; and thirdly, one can walk along the street 
and read a paper between the lamps at night. Those 
are some of the advantages of the centrally suspended 
street lighting. When we had the old posts to which 
Mr. Bailey referred, half the light was lost on the 
wall, the other half being left to light the roadway; 
but with the introduction of the system of centrally 
suspended lighting, especially at the junction of four 
roads, we were able to light the four roads with one 
lamp and turn out all the subsidiary lamps for a con- 
siderable distance down the side streets. 

I should like to join with Mr. Paterson in asking 
members to study the draft Specification and send in 
their criticisms and observations to the B.E.S.A. 
Committee, as is being done by the Joint Municipal 
Authorities in the provinces, especially at the instance 
of the City of Sheffield. 

Mr. D. Dixon: In his opening remarks Mr. Walsh 
defines illuminating engineering as an applied science 
dealing with visible radiation. In so far as the illumin- 
ating engineer is serving the daily needs of man, the 
definition is concise and admirable, but I understand 
that Mr. Walsh has been asked to define definitely the 
spectrum limits proper to the scope of the Illuminating 
Engineering Society, and I venture to suggest that even 
he will find it a difficult task. The visible spectrum 
range undoubtedly varies with the individual, certainly 
with the animal, and, as is well known, the child has 
normally a greater spectrum range than the adult. 
How far visible radiation is within the province of this 
Institution I feel is well worth consideration. One 
should remember that our knowledge of optics and 
astronomy and the physical properties of light and 
colour has not advanced so greatly since Priestley 
wrote in 1772. Some of his researches into the proper- 
ties of colour will repay study. Electric lighting was still 
in its cradle over 100 years after Priestley’s publication, 
and, apart from the telephone, this Institution owes its 
very existence to the value of electrical energy for 
illumination. It is inconceivable that any other method 
of illumination will ever equal electricity in its power 
of service to man. Electricity is still in its early stages, 
and until adult development is attained its use for 
lighting will still be one of the great factors in its develop- 
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ment, more especially in the domestic field where the 
really big load of the future lies. The public largely 
continues to think of electricity in terms of electric 
light, and until the time comes when the lighting 
revenue will be so comparatively negligible that lights 
are only switched off on account of annoyance and not 
finance, the electricdl engineer, whose business brings 
him in touch with the consumer, must place the 
study and practice of illuminating well to the fore 
if he is to develop other loads which are possibly 
more desirable from his point of view. Until then 
the majority of illuminating engineers will continue 
to be electrical engineers who have studied illumina- 
tion. Thé theatre has long been a field where some 
concise knowledge of the behaviour and control of 
light has been developed, and it seems a pity that so 
little is heard of the lessons learnt, although there are 
welcome signs that those who know are prepared to 
take part in discussions, and one hopes the time is not 
far distant when theatrical producers will recognize 
their need for illuminating engineers as well as practical 
electricians. I agree with Mr. Walsh as to the import- 
ance of '' suitability ” and it is to be noted that he says 
that the values given in the tables should be regarded 
As an engineer responsible for, among other 
things, the quantity of light on a subject, after providing 
suitability, I am only concerned with maximum values 
of intensity beyond which it has been proved undesirable 
to go. The layman, in common with the optician and 
electrical engineer, is surprisingly ignorant of the general 
principles and value of sufficient lighting. On referring 
to my records on school lighting I find that some year or 
so ago I expressed the opinion that an illumination of 
6 foot-candles was generally adequate. If '' adequate ” 
means merely ability to carry out a certain operation, 
I was quite correct. Nevertheless, my own opinion has 
greatly changed. Glare should be the obvious fault to 
eradicate first in any lighting scheme, except when 
required for a particular use, as in the theatre. Glare 
should surely be measured as (a) a change of general 
intensity, (b) a change of viewpoint of the eye, or (c) 
a change of colour, or all three combined, and the 
objectionable limits should be laid down. A maximum. 
allowance of rate of change in putting up cinema 
lights, for instance, would, if adopted, avoid a consider- 
able amount of minor annoyance to audiences. There 
is undoubtedly a limit of general intensity to which the 
naked eye cannot accommodate itself. Has this value 
been definitely ascertained ? Again, we are told that 
an intrinsic brilliancy of 5 foot-candles per square inch 
must not be exceeded on the surface of glassware. Does 
this mean that the background is assumed to be black ? 
One feels that the luminosity of the surroundings is a 
deciding factor. Photometry still labours under the 
disability of having nothing more acute than human 
perception for its standard of measurement. I cannot 
believe that it is impossible to develop an instrument 
which will be independent of individual idiosyncrasies, 
and I feel that we should look to the Institute of Chemists 
fora solution. Mr. Walsh tells us that '' Light can be 
used only by the eye. Theeye, therefore, is the final judge 
of the performance of any lighting system." Although 
I agree with the conclusion that therefore the illuminating 
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engineer must carefully study the eye, I must equally 
disagree with his statement. Habit is a great influence, 
and light plays many more parts than just making it 
possible to see things. I believe the quality or colour 
of light to be most important. Habit makes most of 
us rather antagonistic to artificial daylight; the eye 
gives a verdict in favour of that to which it has been 
used. No one will deny the psychological effects of 
colour, and further information on this subject is greatly 
needed now that the manufacturer can offer so many 
varied colour-producing units for our use. It is a great 
fallacy to credit an article with the property of colour 
unless the conditions under which it is visible are 
defined. This will be obvious to any who have had 
experience of colour matching ; colour blindness and the 
individual complicate the issue. I have found an 
experiment with the new '' pearl " lamp most interesting. 
After looking closely at the lamp the impressed image 
due to dazzle takes the form of a continually changing 
one-, two- or three-coloured blob. It is interesting to 
get different individuals to describe the variations they 
observe at the time. 

Mr. Harrison has my support as an advocate against 
the patching up of old lighting schemes to accommodate 
electricity. Most local authorities do not understand 
street lighting, and it is usually necessary to scrap the 
old system if good lighting is to be obtained. For 
purely traffic-lighting, vertical illumination is alone 
necessary, and this fact should be definitely recognized. 

Mr. T. J. Sack: I think that nearly every illuminating 
engineer will take exception to Mr. Harrison's preamble, 
in which he says that very little advance has been made 
in public lighting, and that the conditions are very 
similar to those which existed in 1918. That seems to me 
to be a most extraordinary statement, having in view 
the fact that in 1913 there was not such a thing as a 
gasfiled lamp. There is another point which I should 
just like to touch upon, in connection with the proposed 
suspension of lights across the streets. Mr. Harrison 
says that very little exception can be taken to it from 
the fire-protection point of view, but I think that the 
method of suspension shown in Fig. 3 would undoubtedly 
cause considerable embarrassment to fire brigades if 
they were called upon to erect a fire escape. I was very 
interested in Mr. Harrison's remarks regarding what 
one might almost call the “ motor headlight” or 
"beam" system of lighting the highways of this 
country. The present method, namely that of letting 
the motorist do his own lighting of the public highways, 
must be very uneconomical. There are 14 million cars 
registered in Great Britain, and each one of those cars 
has a lighting generator, approximately of 60 watts; 
that is to say, the total power available is 90 million 
watts. There are about 120 000 square miles in Great 
Britain, and I think we may assume that for one square 
mile there is one mile of main road, so that if we divide 
that 90 million watts between 120 000 miles of road we 
get about 800 watts per mile, or one 50-watt lamp for 
nearly every 100 yards. Now, this could be done far 
more economically by using a big generating station. 
I find that Glasgow has a plant of 90 000 kW, which is 
equal to 90 million watts, and the capital cost of the 
Glasgow plant was £8 millions. These 14 million 
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motor-cars have lighting sets, costing on an average 
about £12 each, so that the cost of their lighting plant 
is £18 millions to the country. The Glasgow plant, 
therefore, would do the job much more cheaply and 
probably more efficiently. There is one other point in 
Mr. Harrison’s paper to which I must take exception. 
He suggests that twenty 10-12 volt, 50-watt lamps 
could be used in series for his “ beam ” system of 
lighting, but I am afraid that this would lead to grave 
trouble, for the failure of one lamp would mean the 
failure of the remainder of the lamps in the series. 

Mr. P. M. Baker (communicated) : Mr. Walsh's paper 
seems to me to come at an opportune moment, for 
industrialists have now generally accepted the view that 
good lighting, free as possible from glare, is of value 
in increasing output in quantity as well as quality, 
while the spread of the motoring habit has pointed to 
the need for better street lighting. A general survey, 
followed by an account of Mr. Walsh's original work, is 
therefore valuable as a guide to engineers who have to 
handle lighting problems, and that is what this paper 


gives us. There appears to be a slight error in col. 2 
of page 749, where ' cosa” should apparently read 
‘cos? a.” 


There are two comments on Mr. Harrison’s paper 
which I should like to make with a view to eliciting 
further information. (a) There are many roads on which 
the traffic is dense (I have in mind as an example 
Chiswick High Road, which has been called in the lay 
Press a “ death trap ” owing to motor accidents) where 
the buildings appear to be too low and the road too 
wide for his span-wire scheme to be adopted. What 
policy would he suggest in such a case? (b) In some 
cases there is a double line of tramway track along a 
main road, and I submit that, with central lighting, a 
tram would leave undesirable shadow patches, especially 
at stopping places where the car's own lighting does 
not satisfactorily light the road surface near the steps 
and platform. What is Mr. Harrison's comment on 
that point? On the general question of road lighting 
I find that with present-day illumination I can on many 
suburban roads see a person crossing the road at a dis- 
tance of from 300 to 400 yards when driving a car 
without headlights. I do not think I should be able 
to pick out a person, so crossing, at any very much 
greater distance even if the illumination were increased, 
although I realize that it would be more comfortable to 
drive on a well-lighted road than on a comparatively 
dim one. In city streets and suburban roads, at any 
rate, the illumination should be sufficient for headlights 
on motors to be both unnecessary and unused, whatever 
might be the case in high roads in rural parts. There 
is one respect in which the high-powered source of light 
at a considerable height above the road surface seems 
to be less efficient than a smaller source at a lower level, 
viz. it puts a greater proportion of its light on to 
the front walls of the buildings flanking the road. If 
these walls have fairly good reflecting qualities this 1s 
not a serious matter, but many of the buildings in our 
towns are dark grey in tone, or possibly red, so that 
most of this light is lost. Of course the lighting of the 
frontages themselves is not in all cases a disadvantage. 

The draft Specification is, in my opinion, a useful 
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piece of work which should, however, be looked upon 
as giving tentative values in Table 2; values which 
may have to be modified in a few years’ time. I further 
submit that the last paragraph on page 12 is very 
desirable but very difficult to put into effect. Is not 
the note under Appendix II a little misleading ? The 
mid-span point “ M ” of Fig. 1 is midway between what 
might quite justifiably be called “ adjacent sources ” 
viz. the lamp in the middle of the picture and the nearest 
lamp to it, 1.e. that on the other side of the road. 

Mr. L. B. W. Jolley (communicated): In regard to 
Mr. Walsh's paper and specially with reference to the 
final section on page 748, the application of the original 
work of Bordoni on the subject of the effect of glare to 
the B.E.S.A. Specification for street lighting unlocked 
the door of a problem which had baffled the Committee 
for many weeks. To attempt to reduce to facts and 
fgures such complicated phenomena as glare and visi- 
bility or, as has been suggested, toinvestigate a coefficient 
of ocular insensitivity had seemed impossible; and the 
application of a function expressing the illumination on 
the eye and the direction of the incident light in terms 
of perceptibility has undoubtedly improved the know- 
ledge of the subject even though its application in the 
specification is not obligatory. The Institution will ap- 
preciate this work at its true value, but I am disappointed 
with the first part of the paper. Itappears that Mr. 
Walsh has attempted the impossible in submitting a 
paper on illuminating engineering. To-day is the day 
of the specialist, and the modern records of the Institu- 
tion go to prove that the tendency of the papers sub- 
mitted is towards specialization. Mr. Walsh's paper 
thus appears to be somewhat equivalent to one on such 
a subject as electrical engineering, a subject which, on 
account of its generality, few would care to discuss. 
Having set himself an exceedingly wide field he proceeds 
to deal with the subject in his usual clear fashion, 
but one feels that a paper on one of the many branches 
of the subject would have been of far greater value. 
Illuminating engineering is one of the later sciences 
and embraces such subjects as physics, physiology, 
Psychology and engineering, and at the same time is 
to a certain extent an art. Modern training at the 
universities or colleges does not embrace all of these 
subjects under one curriculum, and Mr. Walsh is right 
in stressing the wide nature of the requirements. 
Properly, however, such a discussion should centre 
round a paper on the training of an illuminating 
engineer and not on the subject itself. 

With regard to Mr. Harrison's paper, on broad lines 
the author recommends two specifics, and two only, 
for the cure of all street-lighting evils, whereas the truth 
is that neither of these types of installation will fulfil 
all requirements and one should never be employed 
at all. Centrally suspended lights may provide an 
excellent installation under certain circumstances of 
road width, but it is highly dangerous to recommend 
such a system in all cases. To take one of the examples 
mentioned by Mr. Harrison, viz. Baker Street, it has a 
combined system of centrally supported fittings and 
others on the kerb line, and this street is, it is considered, 
one of the best lit in the country, from the view points 
of both subjective and objective visibility. The second 


system advocated, viz. that of motor-car type headlights 
on posts, is one which many of us trust will never be 
tried as, however progressive we may wish to be, we 
must sacrifice our notions to the cause of reasonable- 
ness, where such conflict. The paper, in my opinion, 
contains some statements which need revision. For 
example, referring to page 754—there is no high-grade 
ilumination in the streets of Glasgow, Leeds or New- 
castle, or in fact in most of our provincialtowns. Perhaps 
the gas-lit square of Birmingham is the only exception. 
On page 757 the erroneous statement is made that 
diftusing globes or lanterns can distribute light correctly. 
Only lenses, reflectors or refractors can distribute light 
according to plan; the function of diffusing glassware 
is strictly limited to its definitional meaning. Also on 
page 757 Mr. Harrison suggests that it is advisable to 
operate lamps at a lower efficiency than that mentioned 
in the B.E.S.A. Specification, a doctrine which is likely 
to lead to a low level of illumination and bad lighting 
generally. 

Mr. C. A. Morton (communicated): Mr. Walsh's 
paper deals principally with the fundamental aspects of 
the subject and it is to be regretted that time was 
unavailable for the solution of further types of practical 
ilumination problems. The paper upon glassware 
surface brightness to which reference has been made, 
deals, as mentioned by Mr. Jones, with totally enclosed 
units of only 100-watt sizes. The tendency is now to 
install units of 300-watt sizes. The Home Office bright- 
ness limit of 5 candles per square inch may possibly 
limit the development of this type of unit above a certain 
wattage, as bowls would tend to become unduly large 
and in order to obtain a given increase in illumination 
values it may be necessary to install more units of 
limited wattage rather than fewer of a higher wattage. 
The question of reflected glare is important in factory 
lighting, as, for instance, in a case of a factory which was 
equipped with a new installation giving 11 foot-candles. 
The installation met with the approval of all workers, 
except those engaged in a certain wire-joining process. 
These workers kept their material upon pieces of polished 
opal glass and complained of the image of the filament 
from the reflectors above. Matting the surface of the 
opal cured this trouble. All workers, perhaps, did not 
realize the benefits that the new installation produced 
in health and cheerfulness, until it was necessary in 
connection with certain tests to revert for a short period 
to the original poor equipment giving about 0:5 foot- 
candle. They then eagerly awaited the restoration of 
the higher illumination. 

Mr. J. M. Waldram (communicated) : Mr. Walsh 
has laid considerable and necessary emphasis upon 
questions of psychology and physiology. Illuminating 
engineers will do well to keep in mind the fact that the 
whole basis of the art of illuminating engineering is in 
the end physiological, and that it is a mistake to set up 
arbitrary criteria of excellence which are divorced from 
physiological principles. Mr. Walsh has pointed out 
that the important quantity in illuminating schemes is 
not illumination but brightness, and indeed no human 
eye can detect illumination at all, neither do visual 
photometers measure it. There is room for research to 
determine the necessary values and variations in bright- 
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ness, and the design of lighting units to give optimum con- 
ditions. Of all the branches of illuminating engineering, 
however, there is none in which physiological factors 
enter more than in street lighting. It has been pointed 
out in the course of the discussion that we are here 
concerned with the operation of the eye at its limit, 
because we cannot afford to provide such intensities as 
will enable it to operate easily, as in ordinary lighting 
schemes. In consequence the light which is provided 
must be provided in the most efficient manner, as 
regards the extent to which it renders objects visible to 
persons using the street, and before we can make the 
lighting installations visually efficient the physiological 
principles must be thoroughly understood. Owing to 
ignorance of physiological principles, there is considerable 
divergence of opinion even among experts as to the 
desirability and effects of such factors as diversity of 
illumination, position of light sources, and other funda- 
mental matters. The general question of visibility in 
an artificially lighted street divides into two parts. 
There is first the question of the condition under which 
the observer’s eyes have to operate, and the percepti- 
bility which they possess by reason of the factors of 
adaptation and glare. This may be called the subjective 
factor, and Mr. Walsh has admirably dealt with it in his 
paper. It requires very little extension of the methods 
there shown to enable the contrast sensitivity, or 
perceptibility, of the observer at any position in the 
street to be calculated from fundamentals, and it is not 
too much to say that this application of Bordoni’s work 
is one of the most important advances in the theory of 
street illumination which have been made. But side by 
side with the subjective factor is the objective factor— 
the extent to which a given object is caused to present 
a contrast by which it may be readily seen. This is 
quite a different problem and (if it be granted that an 
object is more easily seen as its contrast increases) is a 
physical rather than a physiological one. These two 
factors, the subjective and the objective, acting in 
conjunction, determine for a given object and position 
of observer what has been called the '' noticeability ”’ 
—in virtue of which the object is more or less readily 
noticed by the observer, being a function of the contrast 
which the object is caused to present, and the ability of 
the observer to detect contrasts. It will, of course, be 
realized that the subjective and the objective factors 
are closely connected by very complicated relations, 
inasmuch as the fundamental factors, such as polar 
distribution, height and spacing, affect both. In connec- 
tion with the objective factor, however, some preliminary 
results have already been obtained. ‘The question of the 
manner in which objects such as pedestrians are seen 
on an artificially lighted road is of importance. Evi- 
dently the only factor which enters into the problem 
(besides the perceptibility of the observer's eyes, which 
has already been mentioned) is the contrast in brightness 
between the object and the background against which it 
is seen. On a dry road this background consists of a 
series of bright and dark patches, the bright patches 
being close to the posts and the dark patches near the 
mid-span point, and any normal object is seen against 
both the bright and the dark patches simultaneously. 
A position of the object can generally be found where its 


brightness is intermediate between that of the bright 
and the dark patches. The contrast presented is then 
the minimum, and it can be shown that the value of this 
minimum contrast is independent of the reflection 
factors of the road or of the object but depends only 
upon the diversity of illumination to which it is connected 
by the relation Kmin. = 1 — (1/A/ A), where Kmin. is 
the least possible relative brightness difference and 
A the diversity. It also appears that changing the 
reflection factor of the object or the road merely changes 
the position at which this minimum contrast occurs, and 
the positions on the road in which the object will be 
seen under or near these conditions, and, moreover, if 
the reflection factor of the road is kept high, then with 
a normally dressed pedestrian the minimum contrast 
wil never be approached. The question of wet roads 
is one which will appeal to every road user. It appears, 
so far as has at present been determined, that good 
visibility will depend far more upon the position of the 
light sources than on the illumination which they provide. 
Installations which give excellent results with a dry 
road may easily be very dangerous when the surface is 
wet, for the effect of wetting the road is to alter entirely 
its reflecting character. Instead of the bright and dark 
patches which occur with a matt dry road, the back- 
ground now consists of brilliant streaks due to specular 
reflections (the position of which changes as the observer 
moves), interspersed with patches which are practically 
black. Objects can only be distinguished as they cross 
one of the bright streaks, and are generally invisible at 
other positions. Apparently all that can be done to 
improve the visibility is so to place the sources that 
these streaks occur in useful places, and so that important 
parts of the road do not appear black. In this connec- 
tion it is interesting to note that the placing of units 
down the centre of the road has certain advantages in 
some cases, but on curved roads it may be very dangerous. 
The question of road surfaces is one which I hope will 
receive attention in this connection. It must be borne 
in mind that we do not see objects on the road (except 
under certain rather rare conditions) by reason of the 
light incident upon them, but almost invariably by the 
light which is reflected in one direction off parts of 
the road some distance behind the object, and if the 
road surface is incapable of so reflecting the light the 
observer will probably have much difficulty in detecting 
the object, no matter how much illumination we provide. 
It is to be expected that if a road paved with smooth 
wood blocks or tar macadam could be repaved with 
some surface, light in colour, having a matt surface 
which tended to remain matt when wet, nine people out 
of ten would say that a great improvement had been 
made in the lighting. 

Mr. G. H. Wilson (communicated) : Mr. Walsh has 
dealt mainly with the branches of illuminating engin- 
eering which concern methods of measurement and the 
adequacy and suitability of the illumination required 
in certain circumstances. Considerable progress has 
been made in another branch of the subject which 
concerns the design and standardization of electric light 
sources and lighting units. Some details of present-day 
developments in this direction would, I think, have 
added to the value of the paper. It may not always 
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be appreciated how important a factor is the shape of 
the filament in lamp design where dioptric systems or 
specular reflectors are used with the lamps. When using 
a given type of floodlight, for example, it is possible to 
double the maximum intensity in the beam by substitut- 
ing a '' vee " filament lamp for a “ ring ” filament lamp. 
This is an indication of the importance of filament shape. 

Mr. Harrison has mentioned the question of voltage- 
drop in his paper. This is an important factor, as the 
candle-power of the incandescent lamp varies approxi- 
mately as the fourth power of the voltage. The method 
of feeding into the street-lighting circuit is important 
in this connection. If the circuit be fed from the end, 
the maximum difference in voltage between any two 
lamps is four times as great as it would be if fed from 
the centre, and, where large lamps are used and heavy 
drops expected, the ditference between the two systems 
will be very noticeable. Mr. Harrison has touched on 
the series system of lighting as used in America. One 
tvpe of series circuit is sometimes used in this country. 
This is the system where four or five lamps are burned 
in series on a high-voltage (240-volt) circuit. There is 
little of advantage in this system over the parallel 
system as it is subject to the fluctuations of the supply 
voltage and if one lamp fails all the lamps are extin- 
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guished. The advantage is that the low-voltage lamps 
used can be run at a higher efficiency than corresponding 
high-voltage lamps. The constant-current series system, 
however, has a number of advantages for many classes 
of street lighting. With a good moving-coil constant- 
current transformer the current regulation is correct 
to + l per cent from full load to short-circuit. The 
current through the lamps is thus kept constant. The 
lamps maintain a constant candle-power throughout life 
on such a circuit and can be burned at a high efficiency 
corresponding to the low voltage. If individual lamp 
transformers are used the lamp circuit voltage is never 
above about 200 volts, even in the case of a lamp failure, 
and the main series circuit is never interrupted. With 
such transformers it is also possible to use lamps taking 
a higher current than that in the main circuit. Cable 
is not expensive and the losses in it are low. The 
connection and switching of side streets on such a circuit 
is a relatively simple matter and the constancy of the 
main current is maintained throughout the entire circuit. 
Such a distribution system is worthy of serious considera- 
tion by public lighting engineers in this country. 


[The authors' replies to this discussion will be found 
on page 778.] 
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Mr. A. E. Clarke : Mr. Walsh stresses a point to 
which, in my opinion, too little attention has been 
directed in the past, namely the psychological and 
physical effect of illumination upon the human eye. I 
have felt for a long time that that end to which most 
designers of schemes of illumination have bent their 
efforts, namely, the production of a uniform density of 
illumination over the field to be illuminated, was not 
by any means the Ultima Thule of attainment. I have 
felt that the proper use of shadow and silhouette was 
just as essential as, indeed in some cases more important 
than, flatness in the curve of density. After all is said 
and done, the criterion of good lighting is its effect as 
an illuminant of objects within the field of view as 
judged by the human eye, and many members have no 
doubt seen installations which, while of obviously low 
iluminative power, are superior in effect and are very 
comfortable to walk or drive in. Mr. Walsh has crystal- 
lized these ideas and has expressed them and other 
original thoughts verv clearly. These, to my mind, are 
very valuable, and will serve as a guide to many when 
laying out future installations. 

Mr. Harrison's suggestion of suspending the lights 
above the roadway is not new, but it is new to advocate 
so extensive an adoption of the idea as the paper implies. 
We have tried the system because for many reasons it 
appears entirely right to place the source of light cen- 
trally above the roadways, but we found that the 
deterioration of the suspending wires (7/8 S.W.G. 
galvanized steel strand) was very rapid, and the whole 
of these strands had to be replaced within a period of 
five years. The fitting used weighed 251b. and was 
suspended at a height of 24 ft. above the roads. 
Another objection to the system as applied to densely 


crowded thoroughfares is the great obstruction which 
would be caused by the presence of a tower waggon in 
the centre of the road and probably across tramway 
tracks. I do not think such an obstruction would be 
tolerated. Further, there is, of course, the danger to 
the man or men working overhead if the slightest collision 
occurred, and also the traffic delay caused by such a 
slow-moving vehicle as that suggested. Mr. Harrison 
does not state the precise manner in which he proposes 
to strain off at the end of the lines, nor does he explain 
the construction to be used at such termination points. 
Regarding the life of lamps, we find we can obtain an 
average life of 2 500 hours quite easily without serious 
diminution of the candle-power, tests having shown that 
the flux emission in lumens decreases only 4:7 per cent 
whilst the watts consumed increase about 2 per cent. 
These results were obtained when comparing used lamps 
with new lamps of the same make, voltage and watts. 
We have not found it necessary in ordinary practice to 
run the lamps at voltages lower than that marked on the 
globes ; indeed, on the average we over-run the lamps 
from 4 to 5 per cent. During the past two years our 
main-road lighting has been done by means of half-watt 
lamps, chiefly of 300 and 500 watts capacity, erected on 
what we call a “ unit" type of fitting, which carries a 
reflector of plain bowl shape mounted at an angle of 
20? to the horizontal, and made suitable by means of 
an externally operated focusing platform for use with 
either sizes of the lamps quoted. The reflector is carried 
in an ornamented swan neck mounted on a dome-shaped 
spigot, which fits into the tops of the tramway standards 
alongside the roads. This spigot has cast upon it two 
bosses to which the insulators are attached; it also 
carries a fuse box containing two 5-ampere porcelain- 
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shrouded fuses. It will be understood, therefore, that 
the whole of the assembling and wiring of the fitting can 
be done in the shops, and the complete unit carried to 
the working site en bloc and placed in position with 
a minimum expenditure of trouble and time. At 
those standards on which a light is not required an 
ornamental finial, screwed similarly to the swan neck, 
is mounted, so that if at any future time a light is 
required, all that is necessary is to remove the finial and 
install an illuminating unit. The adoption of the plain 
reflector canted at an angle was decided upon for several 
reasons, amongst others being: (1) The filament could 
be almost completely shrouded, (2) glare caused by 
specular reflection from the interior of a glass globe could 
be eliminated, (3) the light could be projected on to the 
centre of the road and waste in the back areas reduced, 
and (4) ease of cleaning and maintenance would be 
assured. This method of illumination has proved a 
success in practice and has been most economical in 
upkeep and maintenance. The lamps are mounted at 
a height of 25 ft. and, as the filaments are well shrouded, 
glare has been almost eliminated. The effect on the 
roads is good and we have been told repeatedly by 
members of the public that they like the “ tunnel of 
light " produced, and that they can drive rapidly within 
it without danger. The lamps are generally of 300-watt 
capacity, mounted on both sides of the road on alternate 
standards, the consumption per foot run of roadway 
being 2:5 watts. At traffic focal points a suitable 
concentration of lamps has been made, and it will be 
appreciated that at cross-roads four units can be focused 
towards the centre point to give very definitely increased 
effect without danger of glare. We approached with 
some caution the practice of canting the lamps, as we 
realized the danger of the filaments short-circuiting as 
they sagged with age, but we have found no difficulty 
and can detect no diminution of life as compared with 
lamps mounted in the ordinary vertical manner. The 
cost of this method works out at £380 per 1 000 yards 
of roadway illuminated, including overhead insulated 
conductors on both sides of the road, feeds down the 
standards, pillars and automatic switches of astronomical 
control type. The density of illuminating flux can be 
doubled or trebled at an additional cost of about 15 
per cent or 17 per cent respectively. On page 758 Mr. 
Harrison gives details of operating charges for side-street 
lighting and quotes a capital cost of £450 per mile, with 
operating charges based on a loan repayment period of 
10 years and ld. per unit at £165 per annum. It appears 
to me that, assuming interest on the loan at 5 per cent, 
capital charges and cost of current alone would account 
for approximately £150 per annum, leaving £15 only for 
replacements and labour. The figure of £165 therefore 
seems rather optimistic. With regard to the question 
of illuminating slums, of course everyone would be glad 
to see such areas well lighted, but I would suggest that 
the money employed on such work would be much 
better expended on assisted wiring schemes within the 
houses so that gas might be deracinated. Mr. Harrison 
quotes a method of lighting in which the source of 
illumination is fixed below the level of the human eye. 
I should be glad if he would give further details of such 
a method, because it appears to me to be rather difficult 


unless he proposes to place the lamps at foot-level 
within the palisade walls or hedges alongside the roads. 
Mr. J. L. Carr: Mr. Walsh mentions the ocular 
fatigue involved by adaptation of the eye to different 
levels of brightness. I would go further and remark 
that on many occasions I have experienced severe ocular 
discomfort when riding in tramcars in the streets of 
Manchester, owing to the glare caused by bare sources 
of light in shop windows standing out between inter- 
vening dark places, thus causing rapid expansion and 
contraction of the pupil of the eye, and eventually 
producing headache. Too little attention has been paid 
in the past to proper methods of carrying out illumina- 
tion installations. It should be made a civil offence for 
naked lamps to be exposed in any public building, or 
open room, or in the streets, at approximately eye-level. 
Attempts made to extend indiscriminately the sales 
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Fic. A.—Polar curve of Manchester Borough lantern with 
210-volt, 1 000-watt gasfilled lamp. 


Curve A : lamp bare. 
Curve B : lamp in fitting. 


of small gasfilled lamps possessing clear glass globes, 
which are frequently placed in exposed positions, 
should be discouraged unless the lamps are provided 
with some sort of diffusing exterior in the form of 
opal or frosted glass. In order to avoid the production 
of unnecessary glare in small lighting installations, for 
example in shop windows, much education is needed 
among contractors. Probably it will ultimately devolve 
upon supply undertakings to give the necessary advice 
and instruction, and even to impose restrictions in 
connection with the use of exposed lights of that descrip- 
tion. The value of shadows is mentioned in the paper, 
and greater prominence should be given to this matter, 
the importance of which is not generally appreciated. 
Reference might also be made to glare due to specular 
reflection. This is a matter of considerable importance 
when dealing with fine instrument work and testing. A 
considerable amount of discomfort is caused by reflection 
from instrument covers, and it is very difficult to avoid 
this, even after giving careful consideration to the 
lighting installation. Dealing with the problem of 
street lighting, Mr. Walsh mentions three matters which 
require consideration, viz. adequate illumination, a 
practical mounting height and spacing, and considera- 
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tion of the candle-power distribution attainable. I 
think that, in addition to those points, mention should 
also be made of glare, which should be a consideration 
in both street lighting and other installations. Glare 
is mentioned on page 749, but the intrinsic brilliancy of 
the source of supply is not referred to. On page 750, 
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Distance, in feet 
Fic. B.—Horizontal illumination between two Manchester 
Borough lanterns with 1 000-watt lamps. 
Height 20 ft., distance 120 ft. 
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use is made of the term “ diversity factor " in dealing 
with street illumination. I think the use of such a term 
in connection with lighting is to be deprecated, since it 
has a well-defined meaning in connection with general 
electricity supply. Another term, “ variation factor,” 
is used to denote the ratio of maximum to minimum 
horizontal illumination. That term was originally 
used in Manchester in 1913, when Messrs. Pearce and 
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Fic. C.—Polar curve of ‘‘ Estate” lantern with 210-volt, 
300-watt gasfilled lamp. 


Curve A: lamp bare. 
Curve B: lamp in fitting. 


Ratcliff read their paper on ‘‘ Manchester Street 
Lighting," * and I thought it had been generally adopted 
since then. A variation factor of 10 results is a satisfac- 
tory general illumination, and the variation is not 
noticeable by the man in the street. If the variation 
factor exceeds that value the lighting is inclined to be 
spotty or patchy. In carrying out street-lighting 
schemes in Manchester that factor of 10 has been 
* Journal I.E.E., 1913 vol. 50, p. 596. 


considered as being approximately the maximum to be 
used, and is not exceeded in any of the various types of 
installation. Photometric testing has been carried out 
in Manchester since about 1905. From 1912 or 1913 
regular measurements have been made at various times, 
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Fic. D.—Horizontal illumination between two “ Estate’’ 
lanterns with 300-watt lamps. 
Height 15 ft. 6 in., distance 120 ft. 
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both inside and outside, and with different classes of 
fittings. The original installation of 16 arc lamps in 
Portland Street, referred to by Mr. Harrison, is still in 
existence. At the present time there are about 3 420 
electric street lamps in Manchester, and the total load 
has been increased to about 1 750 kW, which is a very 
desirable load for the central station. Practically the 
whole of that development has occurred in the post-war 
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Fic. E.—Polar curve of ‘‘ Estate” lantern with 210-volt, 
200-watt gasfilled lamp with frosted tip. 


Curve A: lamp bare, 
Curve B: lamp in fitting. 


period. It was as the result of fairly extensive photo- 
metric tests in the laboratory and on site that certain 
types of fittings for use on different classes of roads 
outside the centre of the city area were adopted, that 
certain mounting heights were decided upon, and that 
definite values of minimum horizontal illumination 
were fixed, and it is interesting to note that these several 
values coincide closely with those given in the draft 
specification. Figs. A to F may prove interesting in 
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that connection. These show photometric curves of (a) 
a main-road lighting unit, (1) a modified lantern with 
1 000-watt lamp mounted 20 ft. high upon a lighting 
standard, and (2) lantern as above mounted on straight 
bracket arm on traction standard, the tramway spans 
being attached to the extremity of the bracket; (b) an 
arterial road lighting unit, a lantern with refractor bowl 
with 300-watt lamp mounted 15 ft. 6in. high upon 
lighting standard with straight bracket arm; and 
(c) a residential area lighting unit, a lantern with refrac- 
tor bowl with 200-watt lamp mounted 12 ft. 6 in. high, 


Foot-candles 


Distance, in feet 
Fic. F.—Horizontal illumination between two 
lanterns with 200-watt lamps. 
Height 12 ft. 6 in., distance 120 ft. 


“ Estate "' 


(1) upon lighting standard with straight bracket arm, 
and (2) upon lighting standard with swan-neck bracket. 
Figs. A, C and E show the distribution of light from 
these units, equipped respectively with 1 000-watt, 
300-watt and 200-watt gasfilled lamps, and Figs. B, 
D and F give the calculated horizontal illumination 
between two such fittings. These curves are the average 
of many tests with suitably aged lamps, and are not to 
be regarded in any way as abnormal, and the practice 
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a matter calling for attention by the lamp manufac 
turers. For semi-main roads, fitting (a) is sometimes 
used with a 500-wattlamp. Details of these installations 
are given in Table A. Busy city streets and squares 
call for higher degrees of illumination, and are dealt with 
specially. The variation factor in all the curves shown 
is approximately 10, or rather less, and the glare factor, 
calculated on the formula given in the paper, does not 
nearly approach the value of 12-5 given by Mr. Walsh, 
the maximum being 10-3 for the last class of installation 
shown. For main-road lighting the consumption is 
approximately 31 watts per yard run of road surface, 
for arterial roads 8-8 watts per yard run of road surface, 
and for minor roads 5:3 watts per square yard of road 
surface. The consumption on the various estates, 
equipped with 200-watt lamps installed in refractor 
bowls, averages 32-7 to 35 watts per house; so an 
average of 34 watts per house may be taken for lighting 
thestreets. In deciding upon the value of the minimum 
illumination required in the case of municipal housing 
estates, the question of possible deterioration of the 
property into slum areas sooner or later was considered. 
We decided to adopt the reasonably high standard of 
minimum horizontal illumination of 0-05 ft.-candle. 
The estates are therefore well lighted and the result is 
that there is a much better prospect of them remaining 
attractive and being kept in good condition by the 
tenants than if the installations had been carried out on 
older lines. In Manchester the tendency is for the 
number of tests to be increased, and particularly for 
routine determination of illumination at mid-span 
points to be made after the installation has been in 
service for a considerable time. I do not think that tests 
immediately after an installation is completed are of 
great value, because the tendency is for the modern 
gasfilled lamp to age very rapidly. The taking-over 


TABLE A. 


Classes of Installation. 


Rated Actual 
Rated minimum | Maximum | minim : : Variation Glare Watts per 
Class of Installation prier itunes cone ilumina- Mounting height Spacing factor factor yard run 
tion tion 
ft.-candle ft.-candle ft. 
Main road - ..| 1000 0-3 ] 880 0-33 20 ft. 100-120 8-8 8-4 31-4 
Arterial road 300 0-1 850 0-13 15 ft. 6 in. 120 10 1:6 8-8 
Residential areas 200 0-05 580 0-07 12 ft. 6 in. 120 8-6 10-3 5-3 


has been to allow a considerable margin for depreciation 
of lamps ; e.g. the rated minimum horizontal illumination 
in (a) is 0:3 ft.-candle, whereas more than 0-33 ft.- 
candle is actually obtained. This means that our rated 
values are more nearly the average values obtained 
during the life of the lamps. Actually, with lamps 
received from makers during the past 10 months or so, 
these values have generally been exceeded by as much 
as 30 per cent when using new lamps, but the tendency 
of these lamps is to age rapidly and fall in candle-power 
by as much as 20 per cent in 300 to 500 hours. This is 


tests should be made after the system has been in com- 
mission for something like 300 hours as a minimum. 
The use of central spans for carrying lamps is open to 
severe criticism. None of the later Manchester exten- 
sions have embodied such a method of carrying lanterns ; 
they are all attached rigidly to bracket arms mounted 
upon weldless steel columns. 

Mention is made in Mr. Harrison's paper of relay 
systems for simultaneously lighting lamps over large 
areas. In Manchester we adopt group control from 
time switches, and I have yet to receive information 
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regarding a relay system which would prove altogether 
satisfactory. Reliability is of the utmost importance. 
Extinction should be cut down to an absolute minimum, 
and particularly the possibility of group extinctions. 
Mention has been made of controlling the tower wagon 
from the extended platform. Apart from the difficulties 
of arranging for an extensible steering column, and 
probably for duplicating the controls, which would 
militate against the perfectly safe operation of the 
vehicle, I think it is most undesirable that one man 
should be left, particularly in busy thoroughfares, to 
do a double duty, ie. to look after a wagon and also 
to carry out the cleaning. In Manchester we have had 
excellent results with an electrically propelled tower 
wagon, and hope to effect further economies by extending 
this system. 

Mr. R. C. Hawkins : I am particularly interested in 
the references in Mr. Walsh's paper to the work of the 
Illumination Committee, and especially their researches 
into the subject of glare. We have a great deal to learn 
before we can attain to ideal conditions, particularly with 
regard to the relation between intensity of illumination 
and ability to see. On page 735 Mr. Walsh goes very 
fully into the question of units and definitions, and the 
lumen is again given very great prominence. He 
states very clearly the difference between brightness and 
illumination. Unfortunately many people, especially 
shop-keepers, do not realize what an important difference 
there is between the two. They will not understand that 
if they wish to display dark-coloured goods in their 
windows they should use more light than if they are 
displaying light-coloured articles. On page 744 Mr. 
Walsh goes into the conditions governing lighting. I 
think everybody will agree that what he calls ''suit- 
ability " is an important factor. Freedom from. glare 
is one of the most important commercial considerations 
of the present day. Glare has been the cause of a 
tremendous brake being put on lighting development 
for many years past. I should like to have a little 
more information upon the question of the suitability 
of colour of the light. Mr. Walsh touches upon the 
matter very briefly in referring to artificial daylight. 
He mentions the application of correct, more or less 
local, lighting units for accurate colour-matching in 
dye-works, artists’ studios, etc. In my _ opinion, 
although general lighting by daylight lamps will not 
give such an accurate colour correction, it approximates 
sufficiently to daylight to enable it to be used for many 
purposes. I am referring particularly to some of the 
industrial processes, such as in the leather, tobacco and 
flour industries. Artificial-daylight lamps are being 
very much more used than they were. I heard of a case 
the other day of an application of such lamps which was 
new to me. It was in a large wood-working factory in 
London where it is necessary to examine the veneers for 
various classes of wood. I am told that it is almost 
impossible to do this accurately when using the ordinary 
gasfilled lamp. One large manufacturer in London has 
been carrying out some tests with artificial daylight 
lamps, and he declares that they are quite as good as 
natural daylight. Mr. Walsh also mentions the result 
of a mixture of daylight and artificial light. I have a 
small office with a very small window space. At this 


time of the year it is necessary to keep on the artificial 
light practically the whole day long. Up to fairly 
recently I used an ordinary clear gasfilled lamp in an 
enclosed diffusing unit. I found that with a mixture of 
the two lights, daylight and artificial, at one end of the 
desk there was a sort of yellow-brown light and at the 
other there was the natural daylight. As this was very 
irritating, I substituted for the ordinary clear lamp an 
artificial-daylight lamp, and I find I can now work quite 
comfortably. As regards reading, I find that the day- 
light lamp gives the maximum contrast between black 
print and white paper, and it is this maximum contrast 
which gives the eye very much less work to do. Mr. 
Walsh mentions coloured light for use in drawing-rooms, 
cafés, etc., which, of course, is very agreeable provided 
that care is taken to choose suitable colours for the 
lamps. 

As regards Mr. Harrison's paper, I must frankly say 
that I do not like the idea of span wires right across the 
streets. Of course, this method does away with the 
possibility of vehicles running into the posts, which is 
the only reason I can see for suggesting it. A lighting 
engineer who was responsible for some designs for the 
London County Council put forward a scheme of lighting 
streets by flood lights. Has Mr. Harrison carried out 
any such work or had any experience in that direction ? 
I am referring particularly to main shopping streets. Is 
it possible to mount flood lights high up on the building 
surfaces, projecting from the surfaces of the buildings, 
and by having a fairly wide distribution, to flood-light 
the road surface? Is it possible to get reasonable 
illumination on the street-level? I should imagine it 
would be, and that the question of glare would be 
avoided. I am very glad to find that Mr. Harrison 
emphasizes the evils of under-running lamps. Many 
people have told me that they are effecting a wonderful 
economy by under-running their lamps 5 to 10 per cent. 
They are quite astonished when I demonstrate to them 
that if they under-run their lamps 10 per cent they 
decrease their light output by 34 per cent. I think 
it is time that people began to realize that the cost of 
lamp renewals is by no means the deciding factor. 

Mr. J. R. Thompson: Iagree with Mr. Harrison that 
the lowering gear, with all its appurtenances, is unsightly 
and slow in operation. It is also a source of great 
anxiety to those responsible, especially when erected 
over the tramway conductors, such as are in use in 
Manchester. Again, the climate here warrants the 
constant inspection and overhauling of all overhead gear 
including spans, which considerably increases the 
maintenance charges. Mr. Harrison says that under 
ordinary conditions 12 times per annum is sufficient for 
cleaning purposes, but I feel that towards the end of 
those periods Manchester would be as gloomy at night 
as somctimes it is during the day. We find it necessary 
to clean the globes once each week. We pride ourselves 
that the lighting sources must be kept clean, even if our 
buildings are not. Referring to the subject of electric- 
ally propelled tower wagons for cleaning purposes, we 
have had satisfactory trials with one and can safely say 
that it has proved a paying proposition. The traffic 
conditions, however, being a deciding factor, we employ 
two men, a driver and a cleaner. The cleaner, who 


114 


DISCUSSION ON THE PAPERS BY MR. WALSH AND MR. HARRISON. 


remains on the platform, is able to clean 400 globes per 
week, including lamp renewals. Taking the author's 
figure, this averages 800 lamps, inclusive of renewals, 
per man. Referring to the middle- and poorer-class 
residential districts, we have an elaborate scheme 
. where underground: cables are used, and the public 
lamps are supported on weldless steel poles, the light 
sources being 12 ft. 6 in. high and spaced at intervals of 
120 ft. A 200-watt gasfilled lamp is used. The first 
of these installations was erected upon a Corporation 
housing estate some five years ago, and to-day we have 
1350 such public lamps in use. These are controlled 
on the group system by time switches, each switch pillar 
or feeding position controlling approximately 80 lamps. 
In conclusion, I think that public lighting is so important 
in these days that cost should take a secondary place. 
Extravagance should, however, be avoided. 

Mr. J. Frith: I think that the attempt to suppress 
the term ''candle-power"' and substitute ''luminous 
intensity " is a mistake. Even Mr. Walsh sometimes 
uses the term ''candle-power.'" Again, I think it is a 


mistake to use '' candle-power ” in the unit of brightness. 
For instance, suppose a room is to be lit from an illu- 
minated ceiling. From the paper 3 foot-candles on the 
ceiling is equivalent to 1 candle-power per square foot. 
This gives the impression that each square foot of ceiling 
is equivalent to a 1 candle-power lamp, but from the 
definition it gives only zr lumens, whereas the 1 candle- 
power lamp gives 47 lumens. The term “ candle” 
should not be used for two things, one of which is four 
times the other. 

Mr. L. H. A. Carr : Neither author makes any refer- 
ence tofog. Ishould be glad to know whether they have 
considered this subject, as any scheme of lighting that 
does not make provision for fog does not appear satis- 
factory. It would therefore seem that the scheme of 
“ distant illumination ” shown at the bottom of Fig. 1 
in Mr. Harrison's paper would be unsatisfactory for 
this reason. 


[The authors' replies to this discussion will be found 
on page 778.j 
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Prof. W. Cramp: Mr. Walsh gives us a useful 
summary of the present definitions used by the illuminat- 
ing engineer and rightly lays stress upon two important 
points, namely, that the physical quantity emitted by a 
source of light is radiant energy, and that the final 
judge of the performance is the human eye. Using 
these as a starting point, it may be remarked that it 
is a pity that the units and terminology should not be 
made to conform therewith, so that such terms as candle- 
feet, lumens, etc., could be definitely related to our 
usual physical units. It should be noticed first that 
the illuminating engineer uses the term “ intensity” 
in a sense not usual among engineers, for most of the 
terms involving this word imply a unit of area. Now 
the luminous intensity is the total flux of light divided by 
a solid angle, and therefore is not in this sense an in- 
tensity. Again, the flux of light, as referred to the 
standard candle, does not carry with it any clear physical 
conception nor any indication of the fundamental 
units involved. It is clear that what is meant is the 
total quantity of energy emitted per second, of wave- 
lengths perceptible to the eye. Luminous flux, therefore, 
really has the dimensions of power, so that if we were 
to begin with the unit of flux defined as so many watts 
of power radiated at a specified wave-length, we should 
be dealing with a unit that would be related to our 
other units. The energy corresponding to each wave- 
length in the visible solar spectrum is fairly well known, 
as is also the range of wave-lengths perceived. It 
would be possible, therefore, having taken the unit 
of flux suggested, to express the flux in the case of 
sunlight, for instance, as the total radiation emitted 
between specified values of A. Probably limits of 400 
and 800 milli-microns would be suitable for this purpose. 
Instead of adopting an entirely new term, the lumen 
would be expressed as a multiple or sub-multiple of 
the watt. From this beginning it is easy to explain 
the candle as the total lumens divided by a solid angle, 


and the other units could be developed similarly. Mr. 
Walsh also refers to that new unit, the foot-lambert, 
but it seems a pity that this name, which has no 
reference to the quantity indicated, should have been 
adopted. An example of the difficulty of dealing with 
the units as at present explained is given in the definition 
of brightness on page 737, where we have a quantity 
called the “luminous intensity " divided by an area 
and then expressed in '' candles per unit area," which 
seems to me to be very confusing. Both Mr. Walsh 
and Mr. Harrison refer to the question of excessive 
contrast. In indoor lighting the views of experts have 
changed considerably. It used to be considered good 
practice in a library to light the printed page by a shaded 
source, the rest of the surroundings being much darker, 
and there are still people who find this the most restful 
arrangement, but it seems to be generally admitted 
that it is better to have less contrast between the printed 
page and the environment. It would be interesting to 
know if Mr. Walsh has any psychological tests that he 
can quote as supporting this view. The same question 
arises in the case of street lighting. It is well known 
that if a surface containing all the colours of the spectrum 
is gradually illuminated, the colours become visible 
at different times. Beginning with grey, the sequence 
usually is yellow, green, blue, etc. Thus in a street 
where the illumination varies over a wide range, objects 
which should appear red, in a dim light appear black, 
and other objects having various colours may appear 
al grey. It is the transition from this scale to the 
brightly illuminated patch, where colours are differenti- 
ated, that tends towards fatigue of the eye when driving 
at night, and makes for accidents which would not 
occur under more uniform conditions. I think that 
Mr. Harrison is therefore right in insisting upon the 
desirability of uniformity in street illumination, even 
if the intensity be somewhat low. His proposals in 
Fig. 1 (c) are ingenious and novel. 
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In connection with Mr. Harrison's statements as 
to the change in general outdoor illumination, I think 
that he has underestimated the progress that has been 
made where electric lighting has been introduced, but 
not in the case of gas. It must be remembered, also, 
that the absorption of light by the surface of the roads 
has very much increased of recent years, due to the 
universal use of tarmac. Most schemes proposed in 
these papers deal with outdoor lighting as though the 
streets were all at one level, and a real difficulty arises 
from the fact that this is far from being the case. 
Consequently an illuminated space which may be satis- 
factory when approached from one street, may be 
thoroughly bad when approached from another that 
has a different slope. 

With regard to Mr. Walsh's plea for increased expendi- 
ture of power upon lighting, I think a word of warning 
should be introduced owing to the enormous increase in 
cases of conjunctivitis. The spread of this disease has 


certainly kept pace with the increase in the use. 


and intensity of artificial illumination, and I think it 
is easy to go too far in the direction of intense light. 
Some 10 years ago it was thought that the trouble was 
caused by ultra-violet light, but I think that the present- 
day knowledge of the small amount of ultra-violet 
rays which can pass through ordinary glass has dis- 
proved this belief. There are still many cases in which 
satisfactory lighting arrangements have not been devised. 
One of these is the ordinary hospital ward, where, even 
in the middle of the night, a small general light is re- 
quired and it is most undesirable that this light should 
be upon the eyes of the patients; and where, from time 
to time, at any bedside a much brighter illumination 
may be required. Any help that the authors can give 
upon this problem would be much appreciated. 

Mr. F. C. Hall: Many points brought out in both 
papers make it clear to the lay mind that there are 
many failings in the present and past attempts at 
illuminating our towns, factories, workshops, etc. In 
Victoria Square, Birmingham, although there is plenty 
of light it is not suitably arranged, and it is a glaring 
example of the improper use of lighting. I have been 
trying to imagine what Victoria Square would look 
like if it were illuminated from one central source placed 
100, 150 or 200 ft. above the ground and so situated 
as to illuminate all avenues leading to the square, with 
the exception perhaps of Paradise Street. By wosking 
out examples according to the usual formula I find 
that if the lighting source were suspended 100 ft. above 
the street-level and provided with a suitable distributive 
reflector, approximately 3 kW would be required for 
each foot-candle at the street-level over an area covering 
practically the whole of the square. If now the height 
were increased to 200 ft. the buildings would probably 
be better illuminated, but approximately 12 kW per 
foot-candle would be required. In either case the 
consumption does not appear to be excessive, and we 
should be able to do away entirely with the present 
glare effect, which is extremely bad for motor drivers 
approaching the square from certain directions on wet 
evenings. I carried my imagination a stage further, 
and again using the standard formula I found that if a 
steel mast, say 1 000 ft. high, were erected in approxi- 


mately the centre of the area surrounded by Corporation 
Street, New Street and Colmore Row, we could illuminate 
the centre of the city by using a reflector of the intensive 
type to the extent of 0-9 foot-candle (average) at a 
consumption of about 200 kW. This would be over 
an area equal to the base of a cone the apex angle of 
which is 60°. I realize that buildings would cast shadows 
in the streets, but subsidiary lighting might be pro- 
vided high up in the streets themselves which need not 
be so powerful as would otherwise be the case if the 
only lighting used were placed in the street itself. Such 
a mast would only be slightly higher than those of 
the Rugby radio station. 

Mr. E. Crocker: I shall confine my remarks chiefly 
to the question of street lighting. The statement of 
Mr. Harrison that very little progress has been made 
since the papers were read in 1913 by Messrs. Pearce 
and Ratcliff before the Institution, and by Mr. A. P. 
Trotter before the Illuminating Engineering Society, 
invites investigation into what has actually happened 
in this connection since that date, both as regards the 
appliances themselves and also in the life and habits 
of the community. The discussion following the reading 
of Pearce and Ratcliff’s paper in Birmingham centred 
chiefly round the relative merits of the electric flame 
arc lamp and the high-pressure gas lamp. Of course 
the electric flame arc lamp won, but that lamp has now 
almost disappeared from the streets and has been re- 
placed by high-wattage gasfilled incandescent lamps, 
with the result that a great saving has been effected, 
chiefly due to decreased labour costs, but the flame arc 
lamp still remains the most efficient form of artificial 
iluminant, suitable for street lighting, yet devised. 
Great improvements have also been made in time 
switches for the automatic control of the lamps, and 
also in the instruments for making photometric measure- 
ments, chiefly of the Bunsen grease-spot type, which 
can be used without imposing any strain on the eye, 
as in the case of theold form of flicker photometer ; but 
in my opinion the most important event since the time 
referred to is the draft Specification drawn up by the 
British Engineering Standards Association. This is 
long overdue, and I recollect that in 1913 representations 
were made to the Board of Trade that a great public 
service would be rendered by the issue of some form of 
standard specification drawn up on broad lines, taking 
into account not only the electrical but the gas interests 
and also the interests of the general public. 

I think that the draft Specification admirably fulfils 
these conditions, and the Section dealing with '' Glare "' 
will be especially valuable. That it was really needed 
is confirmed by Mr. Walsh's remarks on the qualifica- 
tions required of the illuminating engineer—"'' a complete 
knowledge of the human eye, its likes and dislikes, its 
behaviour under all variety of lighting conditions, its 
response to all degrees of stimulation," etc., and how 
al these vary in different individuals and at different 
ages—an exacting demand indeed. When a Standard 
Specification was first advocated the chief point in the 
discussion was the basis upon which the degree of illumi- 
nation called for should be founded. Electrical engineers 
recommended minimum illumination as the basis, 
while those representing the gas interests favoured 


776 
candle-power measurements of the light source. The 
Committee has done wisely in adopting the former. The 


term '' mid-span point” is, I think, misleading, and I 
should prefer “ point of minimum illumination ” instead. 
Too much attention cannot be given to “ grading.” 
The change from maximum to minimum illumination 
should be as gradual as possible, and in this connection 
the design of the outer globes and lanterns is a most 
important matter. Any attempt to improve the lighting 
of the street by simply increasing the candle-power of 
the lamps is liable to make matters worse, as with 
lamps of higher candle-power the areas of minimum 
illumination will appear darker than they really are 
by contrast with the more intensely illuminated parts. 
Dioptric inner globes or bands correctly placed in 
relation to the lamp filaments are of great help in over- 
coming this difficulty. 

Mr. Harrison strongly advocates the system of lamps 
centrally suspended over the streets, and in my opinion 
the strongest argument in favour of this method is the 
obstruction offered by upright standards. One of the 
most important changes in the life of the community 
since 1913 is the enormous increase in the number of 
motor vehicles on the streets. In Birmingham last 
year more than 800 public lighting columns were knocked 
down and broken, and I am informed that at the present 
time the rate averages three per day. Fig. 1 of Mr. 
Harrison’s paper shows a plan of roadway, and marks 
that portion of the illuminated areas which extends 
beyond the footpath as “ wasted.” I do not agree. 
We certainly do not want the lighthouse effect where 
the aim is not to light up the surface of the water nor 
the rocky base on which the lighthouse stands, but to 
throw the light far out to sea, as the mariner wants 
to see the lamp itself and observe its position relative 
to other similar lights. In the case of street lighting 
it is the surface of the roadway that is important, and 
yet it is a great advantage to illuminate as much as 
possible of the front of the buildings on each side, as 
great benefit can be derived from reflected light from 
these surfaces. This would be very considerable if 
the buildings could be kept clean, just as in domestic 
lighting we all know the effect of light decorations 
and, white ceilings. I quite agree with Mr. Harrison 
that the majority of our public lighting columns are 
too low. 

Mr. F. H. Mann : In dealing with the human side of 
the question the author mentions the desirability of 
learning from the industrial psychologist, and this view 
will, I think, be generally endorsed. The fact, however, 
must not be lost sight of that a good deal of scientific 
effort is rendered abortive—or at any rate temporarily 
abortive—unless the education of the public as to the 
advantages of new methods keeps pace with the progress 
of lighting science. In a considerable experience of 
the design of industrial lighting schemes it has been 
found over and over again that there is a great deal more 
of ignorance and prejudice to be combated than there 
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are human needs to be accommodated. The physical 
requirements of the average eye are certainly not well 
understood by the average person, and I consider that 
it is a great mistake to allow ignorance under the guise 
of psychological manifestation to tamper with well- 
established rules. Individual requirements differ, of 
course, but only to a small extent and that mostly in 
the matter of intensity. As an example of this it has 
repeatedly been found that bench workers such as sewing- 
machine hands will prefer naked, unshaded lights at 
eye-level to correctly designed reflectors affording a 
much higher intensity of illumination on their work. 
This type of worker is apparently quite content with 
the accompanying eye-strain and headache. The 
industrial psychologist might explain this attitude as 
being due to defective general illumination, but this 
explanation cannot hold in all cases. A solution of 
this antagonistic attitude would, I am sure, be welcomed 
by all connected with the design of industrial lighting. 
At present it appears to be necessary to instil an 
appreciation of correct illumination by its forcible 
application. I was glad to see that emphasis is laid 
on the necessity for a fairly uniform degree of brightness 
where individual or local lighting is employed, and this 
seems to me to be a matter of the first importance from 
the point of view of both cheerfulness and efficiency 
where, for instance, machine shops are concerned. 

Dr. C. C. Garrard: As regards street lighting, I 
think it is necessary to consider not only the question 
of actual illumination in foot-candles but also the 
general appearance of the whole system. I quite agree 
that the system of suspended lamps advocated by 
Mr. Harrison would be very economical, but I am rather 
doubtful as to its appearance in important high-class 
thoroughfares. When one considers interior illumina- 
tion, such as in theatres, houses, etc., the fittings prob- 
ably count for more than the actual illumination. 1 
agree that the ordinary lamp-posts are hideous, but I 
think that great improvements are capable of being 
made in connection with them. The street lighting 
which I saw recently in some of the American cities 
with the improved lamp-posts made a great impression 
on me. These posts, somewhat similar to the standards 
fied near Baker Street Station, London, each hold a 
number of opal globes. The effect of this arrangement 
of standards erected in a perfectly straight line along 
the Boulevard was, to my mind, certainly very fine. 
The point I wish to bring out is that we shall only get 
the public authorities to supply better lighting if the 
general public is educated to demand more light, and in 
this connection the total aesthetic effect must be con- 
sidered, as well as the mere illumination in foot-candles. 
As regards factory lighting, it seems to me that great 
improvements are not to be expected from the action of 
the factory owners. In my opinion compulsion is neces- 
sary and standards of lighting should be fixed by the 
Factory Acts, in the same way as other safeguards to 
health and comfort are fixed by such Acts. 
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MERSEY AND NORTH WALES (LIVERPOOL) CENTRE, AT LIVERPOOL, 21 Marcu, 1927. 


Mr. J. C. Prescott: On page 735 Mr. Walsh men- 
tions candle-power, luminous intensity and the lumen as 
synonymous terms, all of which are in use in this country. 
This multiplicity will probably cause no difficulty to the 
expert but will confuse the uninitiated. The term 
“ candle-power," defined as the light-giving power of a 
source in terms of the light-giving power of a British 
standard candle, may at first sight seem the most simple, 
but when candle-power in a given direction is considered 
this simplicity is jeopardized as it requires a distinct 
effort of the imagination to visualize a candle which shall 
give a uniform flux of light in all directions (with which 
the flux of light in a given direction emitted by the 
source under consideration is to be compared). Since 
the introduction of the utilization factor and the idea 
of total luminous flux into the treatment of problems of 
interior illumination it would seem desirable to adopt 
the lumen as the measure of the light-giving power of 
a source, 4 m lumens being emitted by a standard candle. 

The method of total luminous flux does not appear to 
be limited to the calculations of interior illumination and 
Ishouldlike to ask Mr. Harrison whether by the adoption 
of a suitable utilization factor the figures for his beam 
lighting system could have been arrived at in this way. 

lhe second point I wish to mention occurs with 
respect to the question of suitability. Mr. Walsh, as 
I understand him, takes “ freedom from glare ” as the 
chief criterion of suitability and certainly that criterion 
must be extremely important, but there are surely 
others that must not be overlooked. The object of the 
lighting engineer in designing an installation for a 
building of any architectural pretensions should be 
two-fold. He should aim at supplying an adequate and 
** glareless ” illumination which shall be suitable to the 
use to which the interior is to be put, and he should 
endeavour by his lighting to exhibit and even enhance 
its architectural excellencies. As a rule it would seem 
that the lighting engineer does not understand the 
requirements of the architect in this respect, and the 
architect does not appreciate the very great possibilities 
of electric illumination. The ease with which high 
values of illumination may be obtained with electric 
lighting has possibly obscured the fact that these high 
values may not always be desirable. The retention of a 
certain amount of shadow in some cases is, although 
desired by the architect, often not sympathetically 
considered by the illuminating engineer. I do not wish 
to oppose the tendency towards greater illumination 
where it is necessary, but it is important that this 
illumination should be applied with discretion and that 
it should be suitable in the fullest sense of the term. 

Mr. G. A. Oakes: The system of suspension for 
the lighting in Liverpool has been carefully con- 
sidered and a fairly amicable solution has been arrived 
at. If the spans were placed across the streets at 
short intervals of only 50 ft., or diagonally, they would 
cause delay and impede the working of escapes and 
aerial ladders, with serious consequences. In the city 
of Liverpool the space in which we have to work is only 
between the tramway rails and the buildings between 


each standard, which are spaced 120ft. apart where 
there are no overhead wires. We have on each of our 
machines escapes, reaching a height of 50 or 60ft., 
made in three sections, which can be instantly detached 
and dropped off the back to a vertical position and have 
to be wheeled about. Now in this case the ladders in 
the vertical position before any extension is made reach 
a height of 23 to 24 ft., and we have also electrically 
operated aerial turn-table escapes, 85 and 87ít. in 
length, and these, when operated to the first vertical 
position, before any extension is made, exceed 30 ft. in 
height and would foul any overhead equipment. Occa- 
sions have arisen when it has seriously delayed operations. 
It is also necessary at times to move these machines, 
after being extended, along the front of the building on 
fire; again we are handicapped, as the distance to run 
is only between each cross span of the tramway system. 
From my point of view the best lighting system is that 
of adopting poles or standards with underground cables, 
but it has been pointed out to me by Mr. Dickinson that 
it is very costly, and I suppose we all have to consider 
itefns of expenditure, so in my opinion the best way as a 
compromise is to utilize the tramway standards for the 
span wires and run the feeder cables down the centre of 
the road. <A very satisfactory arrangement has been 
arrived at, to meet Mr. Dickinson and others interested, 
in so far that should the property in the proposed streets 
where improvements are undertaken exceed two stories 
in height, the feeder cables are run down the centre of 
the road ; in this case we are able to extend and use 
the ladders. Where the property is under three stories in 
height or on open land, the feeder cables may be run 
down the sides of the road. In London it is a common 
practice to extend the escapes with men already on 
them. There is a great risk of the menreceiving shocks 
from the overhead wires and being knocked off the 
ladders as they run up, speed being an essential factor. 
Our own men have been troubled in this respect with 
the present tramway system, and we have therefore 
decided to adopt the leather helmet in place of the 
metal one. If overhead wiring is to be developed indis- 
criminately for street lighting systems, it will be most 
difficult to operate turn-table escapes, and of course 
these are needed at all high buildings. Now in the case 
Mr. Harrison shows in Fig. 3, the spans carrying the 
conductors are only 50 ft. apart. I suggest that this is 
much too short; if we have only 50 ft. to traverse, it 
would entail lowering the ladders to go under each span, 
Causing serious delay. In another example he spaces 
the conductors 100 ft. apart, but uses diagonal wires as 
well. In this case there is in each 100 ft. an effective 
length of only 33 ft. in which to operate escapes between 
the tram lines and the building, the alternate section 
being again cut up by the cross-span wires between post 
and post or building and building. In my opinion 
example No. 4 is the best as long as the distance between 
the supports is the greatest that can be used with safety 
to carry the overhead lines. The lighting system in 
Liverpool has been greatly improved, and we certainlv 
appreciate it from a motoring point of view, but I think 
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that before towns consider improved lighting schemes 
it would be as well to consider them also from the fire 
brigades’ point of view. 

Mr. S. Lowey: Does Mr. Harrison advocate any 
protection—other than galvanizing—of the steel span 
wires ? What is the permanently flexible medium with 
which the conductors are covered? It is mentioned 
that the conductors are threaded through reel insulators ; 
is the whole section in one length and is any clamping 
device employed at supporting points? On page 13 
of the draft B.E.S.A. Specification there are four dia- 
grams showing the positions of '' mid-span’’ points; 
should not the footnote read “.. . except Fig. 1” 
instead of ‘‘ except Fig. 2  ? 

Mr. A. E. Malpas: I have seen three installations of 


mercury-vapour lamps that it may be of interest to 
mention. In one case one lamp was used to illuminate 
the underground workings in a salt mine, and this it did 
remarkably well, giving a soft light that made the 
working easy. In another case the outside lighting in 
a large works was carried out by this method in a very 
economical way, but the colour of the light was rather 
a drawback. In the third case mercury-vapour lamps 
were used for the interior lighting of a large engine room, 
but owing to the colour effect of the rays on the faces of 
the attendants the method was discarded. 

Mr. R. C. Hawkins also took part in this discussicn. 
The substance of his remarks will be found on page 773, 
in connection with the discussion before the North- 
Western Centre. 


THE AUTHORS’ REPLIES TO THE DISCUSSIONS AT LONDON, MANCHESTER, BIRMINGHAM AND 
LIVERPOOL. 


Dr. J. W. T. Walsh (in reply): I am glad that 
Mr. Jones has emphasized the fact that our knowledge 
of the phenomena of glare is at present extremely small. 
We must therefore tread cautiously in applying such 
results as are available, hoping that in the near future 
we may have information to enable us to draw more 
definite conclusions than would be warranted at the 
present time. The problem of limiting the glare in 
street-lighting systems is, however, so urgent that there 
is no alternative to making the most we can of the 
results so far obtained. The section of the paper dealing 
with the contrast in the Lummer-Brodhun head has 
been re-worded for the Journal and this will, I hope, 
serve to clear up the misunderstanding. The 10 per 
cent change of contrast is arrived at by taking the dif- 
ference (10:5 — 9:5) as a percentage of the mean 
value, 4 (10-5 + 9:5). 

Mr. Gaster has made a timely reference to the desir- 
ability of introducing instruction on the principles of 
illumination, not only in courses designed for electrical 
engineers, but also in those taken by architectural 
students. I can only support his suggestion most 
cordially and trust that it will not be long before it is 
carried into effect. 

First Mr. Fox, and subsequently other speakers, have 
referred to the use of artificial daylight. I should like 
to repeat that I think the chief disadvantage under 
which this type of lamp suffers is the tendency to use 
too low an illumination. Even the most efficient 
artificial daylight glass must necessarily absorb at least 
50 per cent of the light, so that unless the power con- 
sumption is doubled the total light output is halved. 
Only by the use of larger lamps or more efficient lighting 
units can the illumination be restored to its former 
level, and unless this is done there is a tendency to 
condemn the light as '' cold '' or “gloomy.” Actually 
the eye is probably able to appreciate and to make 
good use of much higher illuminations by artificial 
daylight than by ordinary artificiallight. Mr. Hawkins's 
experience of the advantage of using artificial daylight 
for augmenting an insufficient supply of natural day- 
light is most interesting, and it is to be hoped that the 


use of artificial daylight in such cases may become 
general. 

Mr. Dixon is undoubtedly right in saying that the 
maximum brightness tolerable by the eye depends on 
the general brightness of the surroundings, in fact this 
is explicitly stated in the paper (page 746). I agree 
with him in wishing to see some form of physical 
photometer, and experiments are actively in progress 
at the National Physical Laboratory and in many other 
places with the object of developing such an instrument. 
The difficulties are many, however, and it will probably be 
a long time before a robust and handy photometer of 
this type is available. 

The formula in col. 2 of page 749, referred to by 
Mr. Baker, is correct as it is printed. The a? in line 22 
is an approximation to tan? q. 

I agree with Mr. Jolley that the subject dealt with 
in the paper is far too vast for any other than the most 
general kind of treatment. If, however, it has served 
only to demonstrate this fact I shall not regret having 
had this opportunity of reading it before this Institution 
which, while numbering among its members so many who 
are specialists in other branches of electrical engineering, 
is nevertheless prepared to encourage the study of yet 
another field in which electrical engineering plays, and 
is destined to play, so vital a part. 

The danger attending the exposure of naked lamps 
with clear glass bulbs has been well pointed out by 
Mr. Carr, who advocates the use of opal or frosted bulbs. 
I cannot help feeling, however, that the introduction 
of the lightly diffusing bulb has its own special danger. 
The gasfilled lamp with a clear bulb is so obviously 
glaring that it is unlikely that any thinking person 
will place it in such a position that the bare filament 
can be seen by the eye. The frosted bulb, however, 
is less obviously dangerous, so that it may be assumed, 
erroneously in my own opinion, that it is quite safe to 
use it anywhere without further shield or protection. 

I may, perhaps, refer here to Prof. Cramp's objection 
to increasing the intensity of artificial illumination. 
He mentions that the incidence of conjunctivitis has 
increased very rapidly of recent years and it seems that 
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he attributes this to the increasing use of artificial 
light. Does it not seem more likely that the real 
cause of the increase is that the brightness of modern 
illuminants has increased so rapidly that we have not 
had time to educate users to appreciate the danger of 
placing these sources, unshielded, in the field of view ? 

Mr. Carr’s objection to the use of the term “‘ diversity 
factor’’ for what ought to be called the '' variation 
range ” of illumination, ie. the ratio of maximum to 
minimum, is a valid one. The term used in the paper 
is, however, '' diversity ° alone to indicate unevenness 
in a general sense and not to denote any particular 
ratio. 

The brightness unit to which Mr. Frith objects is 
very useful in many calculations, provided it be remem- 
bered that it is ‘‘ one candle per unit of projected area.” 
The ceiling, in his example, has a candle-power of 1 per 
square foot (actual) vertically downwards, but its mean 
spherical candle-power is, of course, only + per square 
foot. 

Prof. Cramp has also criticized the units employed, 
and has suggested that the unit of luminous flux should 
be the watt. The difficulty of such a system arises 
from the fact that the eye responds variously to an 
equal amount of power at different wave-lengths. In 
consequence it would be necessary to specify both the 
spectral distribution of the light, as well as the power 
in watts, in order to arrive at a measure of the luminous 
effect. This can, of course, be done and for any light 
of specified composition it is quite easy to convert from 
lumens to watts, or vice versa, by the use of the now 
internationally adopted table of values of the luminosity 
factor, ie. the number of lumens equivalent to one 
watt of energy radiated in light of a given wave- 
length.* 

Mr. Prescott's plea for co-operation between the 
illuminating engineer and the architect I would most 
heartily endorse. Only too often the lighting has to 
be designed after the building is finished, so that a 
proper harmony of effect is difficult, if not impossible, 
to obtain if the illumination is to be reasonably efficient 
and economical. Only by the co-operation of all 
concerned, and that at as early a stage as possible in 
the design of the building, can the best results be 
achieved. 

Mr. Haydn T. Harrison (in reply): I wish to take 
this opportunity of thanking the Council and Mr. 
Paterson for arranging that the draft B.E.S.A. Speci- 
fication relating to street lighting should be made public 
on this occasion. If this had not been done, much of 
the first part of my paper would have appeared to be 
unnecessary. Being a member of the B.E.S.A. Com- 
mittee, I was aware that Classes A and B were to be 
put forward in the Specification and I therefore con- 
sidered it advisable to suggest some means of solving the 
problem. One contributor to the discussion has gone 
so far as to say that because certain well-known cities 
do not include these classes they contain no high-grade 
illumination in their streets. I do not agree with this 
view, as I know of only a few streets which come up to 
class A and in such cases this standard has only been 
attained by the use of closely-spaced heavy cast-iron 
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columns supporting very high-power lighting units. 
Such columns, being a menace to public safety owing 
to the rapidly increasing traffic of to-day, are not 
encouraged by the public authorities and I have there- 
fore given attention to the solution of this problem, 
realizing that the classes of illumination specified must 
eventually become more common practice. In doing 
this, I have found proof of the advantages of the span- 
suspension system which makes use of the existing 
buildings as a support for the sources of light, and I have 
suggested this method as a means of obtaining the 
minimum illumination specified in classes A and B. 
It would be out of place for me to criticize the pro- 
posed Specification for which I am partially responsible, 
but I hope that it will be generally adopted and lead 
to a much higher standard of public lighting than 
that which at present exists. 

Mr. Bailey bas added further evidence to the value 
of span-suspended centrally-hung lighting units, and 
must think that I have been slow in appreciating such 
an excellent example of street lighting ; but this is far 
from the case, my difficulty being that the expense of 
contact hoods, lowering gear, etc., has nearly always put 
such a scheme out of court. Now, however, that the 
weight of lighting units has been so much reduced by 
the use of gasfilled lamps, I am convinced that, com- 
bined with overhead conductors and battery-pro- 
pelled tower wagons, such a system is not only the most 
economical as regards first cost, but also the most 
efficient in the case of streets having buildings on both 
sides. 

Mr. Good considers that '' putting more wires in the 
air is really a retrcgrade step." In his written com- 
munication, however, he agrees that there are ''un- 
doubtedly some streets where cross-wires from buildings 
form the most suitable method of suspending lamps," 
but he still objects to the conductors being placed 
overhead. As far as appearance is concerned, I would 
remind those who have objections to raise on this score 
that it is primarily a matter of taste and that leading 
artists and architects who have been consulted have 
generally agreed that nothing is more unsightly than a 
row of closely spaced columns or posts. I do not 
suggest the use of span wires where the width of the 
street is such as to allow of central columns, but I do 
maintain that at the height suggested (30 ft. and over) 
and the small size necessary to carry the small weight, 
such suspension wires and conductors will, to all in- 
tents and purposes, be invisible. I would further 
emphasize the importance of the adoption of the over- 
head continuous conductors shown in the diagrams, 
as by their use close spacing and low cost of maintenance 
can be secured at a low first cost. For example, with a 
spacing of 60 ft. in a street 50 ft. wide, and with light 
sources 30 ft. high, the length of run between the lamps 
with underground cables is 145 ít., whereas with a 
central overhead conductor it is 60 ft. Thus the cost 
of the conductors, including erection, is reduced to 
a very small proportion of that of an underground 
system. 

In reply to Mr. Fox, by “ low-power units " I mean 
an incandescent lamp which can be efficiently operated 
at the voltage available, and the term is not intended 
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to include any lamp taking less than 0-5 or, preferably, 
l ampere. Iam pleased to note that Mr. Fox agrees as 
to the importance of dealing with the slums as soon as 
possible, and I trust that others will realize the urgency 
of this matter. 

Captain Liberty calls attention to the fact that powers 
have been granted in the City of London for fixings on 
buildings. Similar powers can be obtained in every 
case where it is proved that such fixings would result in 
reducing the risk of accidents to the public. 

Mr. Dixon emphasizes the point that for purely traffic 
lighting vertical illumination is alone necessary. Un- 
fortunately this is often overlooked, and as the object 
of lighting many non-residential roads, arterial highways, 
etc., is for traffic purposes only, it must be borne in 
mind that the present draft Specification would not 
apply in such cases and that some system such as that 
described in the latter part of the paper should be 
adopted. 

In reply to Mr. Sack's reference to series of 10-volt or 
12-volt lamps, suitable small transformers or, in the 
case of direct current, automatic cut-outs are allowed for 
in the estimates and could be so arranged as to connect 
spare lamps if this were considered necessary. 

Mr. Baker cites a special case in which span wires 
could not be used on account of low buildings and a 
wide road. It is generally found that if the road is too 
wide for span wires it is wide enough for central standards. 
If there are no buildings, or if they are too low to serve 
as supports, standards must be used, but I strongly 
advocate that if they are put at the side of the road 
they should not be on the kerb or at the edge of the road. 
The question of shadows due to vehicles applies to all 
forms of lighting, but as the area of the patch is reduced 
by central lighting, this may be considered to be one 
of the advantages. 

Mr. Jolley complains that on broad lines I recommend 
only two specifics for the cure of all street-lighting evils. 
If he will turn to the last paragraph of the paper he 
wil find the statement that ‘‘ The author trusts 
that the suggestions he has put forward may assist to 
solve the problem of economical public lighting.” 
Mr. Jolley states that there is no high-grade illumina- 
tion in the streets of Glasgow, Leeds or Newcastle, or 
in fact in most of our provinical towns. In order to 
understand this statement it is necessary to know 
what Mr. Jolley means by high-grade illumination. 
Fortunately, he has cited Baker Street as one of the 
“best lit in the country," and yet this is an example 
where the illumination falls below 0:3 foot-candle and 
thespacing varies nearly 100 per cent ; installations of a 
higher grade than this exist in all the cities mentioned. 
In questioning another of my statements, Mr. Jolley 
says that the function of diftusing glassware is strictly 
limited to its definitional meaning. Mr. Jolley must 
know that the power of a light source in any direction 
is proportional to the brillancy and area presented, 
and that, therefore, as diffusing glassware or lanterns 
can be made of any desired shape, the light from them 
can be largely distributed in the desired directions. 
Finally, Mr. Jolley does not agree that the efficiency 
at which lamps are operated should depend upon 


the cost of electrical energy; in other words, if the | 


energy costs nothing, it still pays to reduce the con- 
sumption at the expense of reducing the life. No doubt 
the lamp manufacturers would approve of this policy, 
but as the energy could be increased (as pointed out 
in the paper) without increasing the cost, the illumina- 
tion need not be lower nor need bad lighting result, as 
stated by Mr. Jolley. 

Mr. Wilson touches on the important question of 
voltage-drop. The advantage of the overhead con- 
ductor is that it need not be fed from either end, but 
at any intermediate points where the regulation of the 
system is good. He also refers to the high-tension 
series system, which I agree is worthy of serious con- 
sideration, especially in view of the general adoption 
of alternating-current supply. 

Mr. Clarke describes a system of lighting by 300-watt 
lamps on alternate tramway standards on both sides 
of the road in Stretford. I understand that the lamps 
are staggered and come at intervals of 120 feet, thus 
bringing the system into grade F of the draft Specifica- 
tion. The placing of the lamps on the tops of the 
tramway standards results in a higher minimum and 
a more even illumination, but I fail to understand the 
claims that the filament can be almost completely 
shrouded and that the glare caused by specular reflection 
from the interior of a glass globe can be eliminated. 
It is true that the suggestion to suspend the lamps 
above the roadway is not new, nor is it new to suggest 
that they should be in the centre of the roadway, but 
the combination of central one-piece conductors with 
cross suspension at a height of 25 ft. or more has 
hitherto not been adopted. Mr. Clarke's figures do 
not appear to corroborate the life performances cited 
in the draft Specification, but they certainly support 
my contention that no advantage is to be gained by 
operating the lamps below the stated pressure unless 
the cost of energy is well below ld. per unit. In the 
examples of cost of running which Mr. Clarke questions, 
the burning hours when group-operation is used were 
taken as 3 500 per annum, and the capital repayment 
charges were based on 44 per cent. He will find that the 
figure of £165 is approximately correct as stated. The 
method mentioned in which the source of illumination 
is below the level of the eye is for traffic purposes only, 
where the light sources are focused at the height gener- 
ally adopted by vehicles, namely 3 ft. above the ground, 
thus giving powerful illumination of vertical objects as 
against a low degree of illumination on the road 
surface, thus resulting in obstacles being visible at a long 
distance. 

Mr. Carr's data are of great value and indicate the 
excellent results which can be obtained by care and 
forethought. It will be noted that the highest grace 
aimed at gives an actual illumination (minimum) of 
0-33 foot-candle under service conditions, thus bringing 
it into grade C of the proposed Specification. I regret 
that Mr. Carr considers 0:05 foot-candle to be reasonably 
high illumination for slum conditions, but as this is no 
doubt intended for service conditions it would be a 
great general advance if others would work up to that 
standard. It is unfortunate that he does not give in 
detail the severe criticisms to which he states the usc of 
central spans is open, especially as many of the Manches- 
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ter streets are already spanned for traction purposes. 
As regards lighting and extinguishing systems in con- 
junction with the group system, a simple electromag- 
netically-operated switch excited by the pressure from 
one group and arranged to switch on another is likely 
to fail only if one group becomes faulty; and if such 
switches are at both ends of the circuits, which in the 
aggregate form a ring, only the faulty circuit will re- 
main extinguished. This would be the case under any 
other form of control. I agree with Mr. Carr that it is 
advisable for two men to be in charge of a tower wagon 
or any other form of cleaning apparatus in busy thorough- 
fares, but I consider that, as by far the greatest amount 
of time is spent in the less busy thoroughfares, the 
Same tower should be capable of being operated by 
one man. 

In reply to Mr. Hawkins, it is difficult to say when a 
concentrated light source becomes a flood light. My 
experience, as far as street lamps are concerned, is 
limited to 10 000-c.p. beams, as I have never had the 
opportunity of mounting them sufficiently high to allow 
of a more powerful source. 

If they could be mounted on the buildings, say 50 to 
60 ft. high, there is no doubt that excellent results 
would be obtained. 

Mr. Thompson rightly points out that under certain 
conditions, as for example in Manchester, cleaning of 
street lamps must necessarily be more frequent than 
12 times a year, but it is equally noticeable that this is 
not the case in some districts with dust-free roads and a 
clean atmosphere. 

Mr. Carr refers to fog. As far as I am aware, no 
satisfactory method of illumination for such conditions 
has ever been found, either on land or at sea. 

Prof. Cramp touches on a very important point, 
namely, the effect, when driving, of rapid transition 
from highly illuminated to comparatively dark areas. 
This is one of the reasons why, for the lighting of traffic 
roads, I proposed to eliminate the illumination from 
the adjacent light sources, as shown in Fig. 1 (Class 2). 
Prof. Cramp also calls attention to the difficulty on 
gradients. This becomes serious when it is necessary 
to have long distances between light sources in order to 
reduce the first cost. In such cases I always insist on 
the angle of direction of light up and down the road 
being made independently adjustable. I also prefer 
such systems where the lateral power of the sources 
is small, thus avoiding the difficulty referred to by 
Prof. Cramp when a highly illuminated street is 
approached from a side street. 

Mr. Hall has been considering the fascinating problem 
of lighting sources placed as high as 100 to 200 ft. 
Such a method by means of flood or projector lamps is 
one which I should very much like to see demonstrated, 
but, unfortunately, favourable conditions are rarely 
available. 

Dr. Garrard contends rightly that the degree of 
illumination should not be the only consideration in 
street lighting, and he exemplifies the White Way 
lighting which has been so popular in America. Unfor- 
tunately, this system is not suitable for our narrow 
streets, owing to the traffic conditions, and in many 
cases where it should have been adopted it has been 
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passed over because the local shopkeepers would not 
assist in the extra expense, as is generally arranged in 
America. 

Mr. Prescott points out the convenience of making 
illumination calculations by the total luminous flux 
method. I always adopt this method as a check on 
the efficiency, which actually becomes the utiliza- 
tion factor. Unfortunately, this factor increases as 
the degree of concentration of the luminous flux on the 
narrow elongated area of a street increases, with the 
result that before this factor reaches a reasonable figure 
the maximum power of the light source is excessive 
unless the spacing is reduced. For this reason, close 
spacing becomes a necessity when such minimum 
horizontal illumination as 1 foot-candle is under 
consideration. 

In pointing out that span wires are liable to impede 
the working of fire escapes and aerial ladders, Mr. Oakes 
states that the former are not impeded if the span 
wires are higher than 24 ft.; I do not suggest that they 
should ever be lower. Another speaker, however, 
mentions a well-known city where 800 lighting standards 
are knocked down every year by traffic. Such accidents 
are a continual menace to life and limb and would 
disappear if the buildings were used to support the 
street lamps, even if occasions do arise where the span 
wires interfere with fire-extinguishing operations. I 
suggest that there should be more ingenuity in designing 
fire-extinguishing apparatus, though modern fireproof 
buildings and internally - fitted fire - extinguishing 
apparatus should in course of time dispense with its 
necessity. It must be remembered that overhead 
suspensions of the nature described can be removed in 
a few minutes by using a pair of pliers and a ladder, 
and without any danger either to the operator or of 
the street lamps on either side being extinguished. 

Mr. Hawkins mentions the necessity of running lamps 
at the rated voltage except when the cost of electrical 
energy is so low as to make it advantageous to obtain a 
long average life. His remarks should be read in conjunc- 
tion with those of Mr. Jolley, Mr. Clarke and Mr. Carr. 
The conflicting evidence leads me to suggest that no 
hard and fast rule can be laid down, and that the follow- 
ing factors must be considered: (1) The cost of the 
electrical energy consumed; (2) the value of a lamp is 
its initial cost plus the labour cost in renewing it, 
which, with casual failures, is often a relatively large 
item ; (3) prevention of extinctions by means of regular 
periodic renewals to reduce the number of casual failures. 
The relative importance of each of these factors, depend- 
ing as it does on local conditions, can only be settled 
when all the data are available. 

Mr. Lowey raises a very interesting point which has 
also been touched on by other speakers, including 
Mr. Clarke, who states that the deterioration of gal- 
vanized steel standard wires is very rapid. This is no 
doubt true in certain districts where the atmosphere 
contains destructive agents, whereas in other districts, 
for example the City of London, the maintenance is a 
comparatively small item. I cannot speak from 
experience, but I am of opinion that oxidized steel or 
rustless steel will come into use for this purpose, and 
that galvanizing will give place to the more flexible 
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hydrocarbons such as stabilized bitumen, or even 
rubber compounds such as ''Maconite," which has 
already proved especially suitable for this purpose and 
is the permanently flexible medium referred to. In 
further reply to Mr. Lowey I would point out that the 
conductors are if possible in one length, the insulators 
being split and clamped together on them for the con- 
venience of erecting and to ensure that each span not 
only forms a supporting point but would take its share 
of the tensile stress, thus reducing the end stresses in 
the event of a break. I am in a position to state that 
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the diagrams in the draft Specification are being redrawn 
in such a manner as to clear up the point raised by Mr. 
Lowey. 

In conclusion I would again point out that, in the 
paper, I attempted to deal more with the problems of 
the future than with those of the past, and the paper 
therefore contains food for thought rather than 
detailed improvements in existing methods. I know 
that the majority of those who read the paper realized 
this and I should like to take this opportunity of thanking 
them for their appreciation. 


ON 


" HIGH-POWER FUSIBLE CUT-OUTS.” * 


SCOTTISH CENTRE, AT EDINBURGH, 8 MARCH, 1927. 


Prof. F. G. Baily: It is evident from the paper 
that both the materials and the design of the fuse and 
the container are in need of revisal, if the renewal of a 
fuse after a short-circuit is not to entail the renewal 
of the fuse box also. Hitherto the designer has chiefly 
extended old lines or adopted the ideas employed in 
other apparatus of a different character. The author 
has pointed out the real requirements and has exposed 
the weaknesses of the existing patterns. It has long 
seemed to me that silver is the best metal for fuses. 
Its freedom from corrosion gives constancy of fusing 
current, and its high conductivity, low specific heat, low 
latent heat, and moderate vaporizing temperature, 
enable a silver wire fuse to stop the current with less 
accumulation of heat energy and therefore at a smaller 
value of the rising short-circuit current than any other 
metal, and it is conspicuously better than copper in 
the total of allthese qualities. The filled fuse—devised, 
I believe, by Mr. Mordey many years ago, who found 
flue dust a good material—is still to the fore, but granules 
are recommended rather than powder. The coarse 
granule touches the wire at a few points only, and 
makes the fuse more like an air fuse, while it is less 
likely to maintain continuity when molten. The tube 
seems a difficulty. If of porcelain it bursts, and if of 
steel the arc goes from terminal to tube and down 
again at the other end. I wish to suggest the use of 
glass-lined steel tubes, which I remember being put on 
the market many years ago for some purpose, either 
a superior wiring conduit or for chemical apparatus. 
The glass lining was blown or cast inside a steel tube 
so as to fit hard against it, so the combination was very 
strong, and the steel tube permitted of effective fixing of 
end plugs and contacts. For liquid fillers the use of 
transformer oil seems to show poverty of ideas, and 
tetrachloride of carbon is not a happy alternative. 
Among the numerous liquids that the organic chemist 
can provide, it should not be impossible to find one 

* Paper by Mr. L. C. Grant (see vol. 64, p. 920, and vol. 65, p. 448). 


that is sufficiently incombustible, does not decompose 
when heated by the wire, and does not produce gas 
when an arc is drawn through it. The boiling point 
should be high and the viscosity low, so that it may 
circulate freely and keep steady conditions round the 
wire. A high insulation resistance is not necessary, so 
long as it will withstand the line voltage between the 
terminals after the fuse has blown. The publication of 
the author's researches should bring about improvements 
which are much needed, for an inexpensive and reliable 
fuse is essential if a high-tension network is to be of real 
benefit to country districts. 

Mr. D. M. Macleod: The author has indicated that 
the inducement to use such a thing as a fuse is based 
on the idea of effecting economy. In public supply 
works where one has to install e.h.t. switchgear, the 
question of capital cost is a very serious factor, par- 
ticularly in the initial stages of the development of an 
electrical undertaking, and on that account engineers 
are very much disposed to use a fuse where the supply 
is of a small and unimportant nature. In 1906-7 I 
used a number of oil fuses carried in a heavy-gauge glass 
tube partially filled with oil, having a fuse element with 
a spring attachment, so that when the fuse melted it 
was immediately drawn down and immersed in the oil. 
That type operated very well on the small circuits. At 
a later date I used fuses of the ''assisted air'' type. 
These had a simple porcelain container with a large 
orifice at both top and bottom. The form of the fuse 
carrier induces a passage of air which extinguishes the 
arc when the fuse operates. More recently still we have 
used fuses of the carbon tetrachloride type. Provision 
has to be made for ensuring that the branch circuits shall 
in no circumstance interfere with the main transmission 
linesupply. Inoneortwocases we have, as a last resort, 
used a very fine wire connection between the main trans- 
mission line and the branch line terminal pole which is 
placed close alongside the main transmission line. There 
is bound to be a great deal of difficulty in replacing fuses 
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in circuits, and that factor, I think, is a very important 
one. There can be no doubt that the manipulation 
of an oil circuit-breaker is easier and speedier than the 
replacement of any of the fuses which the author has 
shown in the lantern slides. The author touched on the 
question of separating the functions of the melting and 
heating of fuses, and went on to describe how this is 
accomplished by having an outer contactor which 
radiates its heat to a fuse capsule. I should like some 
further information on that point, as I think it a very 
interesting one. I was also impressed with his remarks 
in regard to the different results obtained over a large 
series of tests in which he described what happens at 
“ the tenth shot." That is a new point of view to me, 
and perhaps explains some of the rather weird experi- 
ences one gets occasionally, even witha circuit breaker. 
On two occasions the Clyde Valley Electrical Power Co. 
have had substation buildings absolutely wrecked owing 
to the eccentric behaviour of a circuit breaker. 

Mr. E. Seddon : Uptorecent times we have regarded 
fuses as commonplace and considered them merely as 
weak links in the chain which could be relied upon to 
break whenever an overload occurred. The author has 
reminded us that we are no longer handling plant of 
small output, and in consequence of the larger amount 
of power to be broken we must make sure that the weak 
link will really break. It is somewhat difficult to 
criticize the contents of the paper, as it constitutes a 
statement of facts based on actual tests and experience, 
and in this respect is a valuable contribution to our 
knowledge of this most important subject. There is an 
ever-increasing demand for reliable high-pressure fusible 
cut-outs, and the paper is well timed in view of the 
activities expected from the operation of the new Elec- 
tricity (Supply) Act. We can never hope to supply 
small villages from secondary transmission lines at an 
economical tariff unless a cheap form of tapping can be 
arranged by the installation of fusible cut-outs. The 
Ferranti oil-break fuse was, I think, the first practical 
attempt to interrupt circuits carrying a comparatively 
large amount of power. These fuses certainly inter- 
rupted the circuits when faults occurred, but in a rather 
dangerous manner. Referring to Fig. 5, it seems to 
me that a simple and strong form of metal cap could 
be arranged on these bakelized fibre tubes by making a 
split cap to fit over a collar or projection at each end of 
the tube. 

Mr. J. Henderson: The author has attacked the 
problem with the best scientific appliances, but it is 
doubtful whether he has obtained the best possible 
results. To reduce the results to a few words, he has 
proved that the best fuses on the market are the Aeroflex 
for heavy-current, medium- or low-voltage circuits, and 
the oil-immersed metal-enclosed fuse for comparatively 
heavy-current high-pressure work. He has also shown 
very forcibly that many of the so-called efficient fuses 
are excellent things to avoid. Surely with all the power 
available and the apparatus at his disposal for carrying 
out practical tests, some definite data relating to the 
effect of length and cross-section of the fuse on the 
rupturing capacity might have been given for several 
types of fuse, and illustrations of the types tested might 


have been put forward. The results and effects of 
design on rupturing capacity are only indicated in a 
very general way, when they might have been reduced 
to a proper basis. For want of a proper basis to work 
from, the supply engineer is largely in the hands of the 
manufacturer who states that his fuse is good for a 
certain rupturing capacity, and one must believe him 
until the auxiliary supply is shut down. The previous 
discussions have shown that, in spite of the results 
obtained, many of the manufacturers are still of the 
opinion that their type of cut-out is good enough, but 
I am convinced that it is not sound engineering to 
employ, under certain conditions, a cut-out which may 
do serious injury to operators or other plant. 

Mr. L. C. Grant (in reply): I am glad that Prof. 

Baily has emphasized the fact that both the materials 
and design of the fusible cut-out and container are 
badly in need of revision and that, with the majority 
of present designs, it would be necessary to renew the 
fuse box in addition to the fuse after a short-circuit. 
It is true, too, that silver is a good material for use as 
fusible material, largely because of its non-oxidizing 
properties and because of the relatively small amount of 
energy dissipated in the form of heat. It is very dif- 
ficult to obtain a suitable material for cartridge con- 
tainers and I am afraid that there would be trouble 
with a glass-lined steel tube through differential expan- 
sion at the various rapid fluctuations of temperature. 
Prof. Baily sums up what is required in a liquid filler 
very well, but such a material seems to be a long time in 
being brought forward. I should be glad to hear of 
anything which has the necessary properties. 
' Mr. Macleod touches on the difficulty of obtaining a 
suitable and inexpensive cut-out capable of controlling 
a supply from an important line, and he has (I suppose 
as a last resort) suggested the use of a fine-wire con- 
nection between the main transmission line and the 
branch line terminal pole as an expedient to reduce the 
short-circuit power. His remarks with regard to oil 
circuit-breakers confirm my own experience and there 
seems little doubt that such inconsistency is the result 
of the vagaries of the oil switch itself in the way I have 
pointed out, rather than the result of any error of 
operation or other separate cause. 

Mr. Seddon comments on the old Ferranti oil-break 
cut-out. This, in the light of present-day knowledge, is 
deficient in that the circuit is broken above the oil and 
that the container for the fuse is weak. The suggestion 
to use a split cap behind a collar or projection at the 
end of the fuse is a good one but, of course, it would 
necessitate moulding this collar on the tube and would 
possibly result in increased cost. 

To give Mr. Henderson the information he requires 
would be to get on to the question of calibration of 
fuses, and one has to draw the line somewhere. Besides, 
there are so many other things bearing on rupturing 
capacity that data on length, cross-section, etc., would 
be of little or no use unless all the various proprietary 
shapes, methods of enclosure, fillings, etc., were taken 
into account, and then I suppose that, amongst other 
things, one would be blamed for drawing attention to 
the deficiencies of proprietary articles. 
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THE HOLWECK DEMOUNTABLE TYPE VALVE. 
By C. F. ELWELL, Member. 


(Paper first received 11th January, and in final form 18th March, 1927; read before the WiRELESS SECTION 4th May, 1927.) 


SUMMARY. 


The paper briefly describes the Holweck molecular pump 
and, in more detail. 10- and 30-kW Holweck demountable 
type valves. Precautions necessary with demountable valve 
installations are pointed out. The chief advantages are 
ability to renew filaments at a cost of a few pence, and ability 
to carry large overloads. Some results obtained with instal- 
lations employing demountable valves are given. The 
possibility of larger-power single units being developed is 
mentioned, but short-wave work may make it unnecessary 
to build larger units than those developed. Perfection of 
details with a view to complete reliability should make for 
increased application of this type of valve. 


a ch 

A demountable type of valve must of necessity be 
connected to a vacuum pump capable of continuously 
maintaining a vacuum sufficiently high for practical 
working purposes. F. Holweck invented a rotary 
molecular pump which has certain advantages tending 
to fit it for the commercial operation of demountable 
valves. This pump has already been described in various 
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technical journals, but in order that the practical value 
of a demountable working unit may be ascertained it 
may be useful again to describe briefly its construction 
and method of operation. 

The Holweck molecular pump (Fig. 1) employs the same 
principle as the Gaede pump, but from a mechanical 
point of view it is much simpler. It consists of a smooth, 
light cylinder 6 inches in diameter and 8} inches in 
length, mounted on ball bearings inside, and very close 
to, a heavy casting upon the inside of which a 7-turn 
right- and left-handed spiral groove of diminishing 


rectangular cross-section has been cut. The cylinder 
is driven at a speed of 4 500 r.p.m. by means of a rotating 
electric field, which makes it unnecessary to bring the 
shafts supporting the rotating portion through the 
walls of the body of the pump. A small passage in 
the body of the pump serves as a connection to a rough 
vacuum pump, and a large orifice connecting the two 
spiral grooves serves as a connection to the vessel in 
which a high degree of vacuum is required. The cylinder 
thus revolves in the preliminary vacuum, which reduces 
to less than 10 watts the amount of power necessary 
to drive it at such a high speed. When the current is 
cut off, the cylinder continues to rotate for upwards 
of an hour. This feature is valuable when operating a 
valve and pump intermittently, as the pump very 
rapidly returns to its synchronous speed when again 
connected to the supply. The absence of shaft con- 
nections to the outer air obviates leaks and the possibility 
of lubricating oil or grease entering the interior of the 
pump. 

The suppression of the comb as employed in the 
Gaede pump makes it possible to reduce to less than 
1 mil the clearance between the fixed and rotary portions. 
This small clearance and the relatively large section of 
the two spiral paths make the output of the Holweck 
pump much greater than that of the Gaede. With a 
preliminary vacuum of about 1 mm of mercury it is 
possible to reduce the pressure in a 5-litre flask to 0-001 
mm in 10 seconds. The lower limit of vacuum available 
is of the order of 0-001 u even with a preliminary 
pressure of 0-01 to 20 mm, which gives a ratio of pre- 
liminary pressure to final pressure of several millions, 
as against 200 000 with the Gaede pump. In practice it 
has proved itself quite capable of keeping the vacuum 
necessary on demountable valves with 8 000 volts on 
the anode. 

The invention of this very practical form of pump, 
which does not require any mercury, liquid-air traps, etc., 
led to the development of the Holweck demountable valve. 
A cross-sectional view of such a valve assembled is 
shown in Fig. 2. 

In practice the valve is mounted directly on top of 
a Holweck molecular pump, which in turn is connected 
to a rough vacuum pump. Several valves can be 
operated from one pumping system. 

The valve consists of four parts as shown in Figs. 2 
and 3, the parts being :— 


(1) Lower glass or quartz insulating piece for connect- 
ing valve to pump. 

(2) Water-cooled anode. For a 10-kW valve the 
dimensions of this are approximately 1i in. 
diameter, and 43 in. long. For a 30-kW valve 
the diameter is the same, but the length is 8 in. 
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(3) Upper glass insulating piece with grid connection. 

(4) Water-cooled head carrying grid and filament. 
The filament in a 10-kW valve consists of about 
14 in. of tungsten wire 20 mils in diameter, 
which, when carrying 36 amperes, gives a 
temperature of 2700? abs. and a saturation 
current of about 6 amperes. In the 30-kW 
model the filament is of 32-mil tungsten wire 
and consists of two pieces in parallel, each 
123 inches in length, bent in the form of a 
hairpin—the saturation current being about 
16 amperes. The grid is of 16-mil molybdenum 
wound # in. diameter on about 4 in. pitch. 


All joints are ground and put together with a little 
special vacuum grease. The Holweck pump quite 
readily copes with the very small leakage. 

The 10-kW Holweck demountable valve employs 
6 000 volts on the anode and 38 amperes at 17 volts 
on the filament. The filaments are changed after 
200—300 hours of service, and the cost of doing this is 
only a few pence. An ordinary oil-type backing pump 
is connected to the Holweck pump upon which stands 
the Holweck valve. No duplicate valve is installed, as 
breakdowns in service are not frequent. It does not 
take long to change a whole new head carrying both 
grid and filament. 

Three precautions are necessary in connection with 
demountable valve installations. It should not be 
possible to apply the high-tension supply to the anode 
unless :— 


(a) An adequate supply of water is circulating through 
the anode and filament head. 

(b) The preliminary vacuum pump is running. 

(c) The molecular pump is running at synchronous 
speed. 


Sufficient demountable valves are now in service to 
warrant their being seriously considered as a rival to 
the sealed-in variety. It is true that demountable 
valves require a pumping system, which can, however, 
be disconnected for short intervals wthout interrupting 
transmissions. Against this disadvantage is the very 
considerable advantage of being able to renew the fila- 
ments at a cost of a few pence. The ordinary life of 
a single valve can thus be many times that of the sealed 
types of glass, metal or silica valves. 

Many valves of 10-kW and 30-kW input have been 
made and put into operation. The French Navy alone 
has 80 of the 10-kW size in operation. Each type is 
capable of considerable overload. With 5 000 volts on 
the anode 35 amperes were obtained in the Eiffel Tower 
aerial, representing 8 kW. A 30-kW model used as a 
rectifier handled 60 to 70 kW with 8 000 volts on the 
anode. Used as a three-electrode valve 70 amperes 
were obtained in the Eiffel Tower aerial at 7 000 volts, 
representing 32 kW. On a trial, one of these 30-kW 
valves took 100 kW. 

The Malmaison station operates at 37-5 and 500 m, 
and is nominally rated at 10 kW, The aerial is of the 
Blondel type, about 45 ft. high, and has a resistance 
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of about 100 ohms at 37-5 m. An aerial current of 6 
to 7 amperes is obtained. Signals have been received 
in Shanghai of strength 7, and in Brazil and Argentine 
of strength 8 to 9. 

The loading of a 30-kW valve to 100 kW points to 
the feasibility of making single units of 100 kW, which 
in turn might only be stepping stones to the building 
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of single units capable of handling 200, 500 or 1 000 kW 
if necessary. But the increasing use of short waves 
and power inputs of 10 to 30 kW maximum may make 
it unnecessary to develop larger units than those which 
already exist. All that is required is greater refinement 
of details, which would no doubt be rapidly developed 
with increasing use. 

In the author’s opinion the advantages of the demount- 
able valve greatly outweigh the disadvantages, and 
the valves should be employed in the future in increasing 
quantities, 


[The discussion on this paper will be found on page 
812.] 
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SUMMARY. 

The paper discusses the construction for Naval purposes of 
wireless transmitting valves with silica envelopes. The main 
properties of silica as an envelope for high-power valves are 
enumerated and the valves are divided into two main classes 
depending on whether the anode heat is removed by radiation 
or by the use of a cooling fluid. 

A description is given of the electrode seals which have 
been developed to carry currents up to 100 amperes. 

The various types of valves and the methods of construc- 
tion, evacuation and repair are described. 

The dimensions of standardized valves and the methods 
adopted for removing the heat generated in the various 
types of valve anodes are dealt with. 

The operating conditions for transmitting circuits and the 
methods of packing for transport are briefly referred to. 


e INTRODUCTION. 


The following paper deals with the principal properties 
of silica valves as used in Admiralty wireless telegraph 
transmitters. Its main object is to show the methods 
employed in constructing the valves, in order that a 
comparison may be made with the alternative types 
of envelopes at present available commercially for 
valves of similar powers. With this in view it has not 
been thought necessary to enlarge on the electrical 
constants in relation to the geometry of the electrodes, 
the position in this respect being that it is considered 
that any desired arrangement can be fitted in the silica 
envelope. This is certainly the case as far as the re- 
quirements of Naval circuits are concerned, and it is 
hoped that the discussion may disclose how far this 
applies to other conditions of working. 

The principal points to be considered are therefore :— 


(a) Does silica furriish a thoroughly air-tight envelope 
which can be readily freed from gas so that 
a good vacuum can be maintained under all con- 
ditions of working and storage ? 

(b) Is the silica valve economical to produce and 
repair ? 

(c) Is it suitable for transport ? 

(d) Does the silica construction impose any special 
limitations ? 


The main properties of silica as an envelope for the 
construction of high-power valves may be classified 
briefly under the following headings :— 


(i) Verv high softening point (between 1 500? and 
1 700? C.). 
(ii) Low coefficient of thermal expansion. 


(iii) Ease of manufacture of relatively complicated 
constructions. 
(iv) Ease of opening the valve for repair and re- 
placements. 
(v) High insulation properties. 
(vi) High diathermancy. 
(vii) Low dielectric loss under high-frequency fields. 


The advantages of a valve envelope possessing the 
properties described under the headings (iii), (iv), (v) 
and (vii) are sufficiently obvious. As regards the other 
headings, (i) and (ii) have important advantages since 
they enable the envelope to be subjected to verv high 
temperature during manufacture, with no risk of collapse, 
and the construction of the smaller complicated parts 
of the valve can be carried out in a manner which is 
not practicable for the case of valves with glass envelopes. 
Again, in the case of the finished article they permit of 
local heating and cooling with no risk of fracture of the 
valve. The high diathermancy enables cooling by radia- 
tion to be adopted, the silica envelope being highly 
transparent to the radiation from a red-hot anode. 

Silica valves may be divided into two main classes, 
depending on the method of cooling the anode :— 


(A) Valves in which the heat generated in the anodes 
is removed by radiation through the silica en- 
velope. In this case the anode may attain to a 
bright red temperature. 

(B) Valves in which the heat generated is removed bv 
direct contact of the anodes with a cooling fluid. 


For Naval wireless telegraph use at sea where valves 
of moderate powers are required, occupying small space 
with simplicity of cooling arrangements, the valves of 
radiation type have been developed on a very large 
scale. 

For valve transmitters of input powers up to 15 kW 
no special provision is made for absorbing and removing 
the radiated energy from the wireless telegraph office. 
For the case of higher powers at sea it is essential to 
remove the main proportion of the heat energy from 
the office, and circulatory systems have been introduced 
for this purpose. 


VALVE SEALS. 


A most important constituent of the silica valve is 
the seal through which electrical contact is made between 
the electrodes and the external connections. The seals 
used have been developed from the original seal of Sand 
and Reynolds * by the Thermal Syndicate, H.M. Signal 

* Patent 28354/1913. 
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School and the Mullard Radio Valve Co. The basis 
of the seal is a lead plug contained in a short length of 
In the manufacture of the 
seal the lead is melted i” vacuo in the silica tube, under 
which conditions the molten metal adheres firmly to 
For 
seals up to a rating of 50 amperes the necessary con- 
ductors to the interior and exterior of the valve are 
embedded in the lead plug. For larger seals the form 
of the lead plug is modified so that the current is conveyed 
independently of the lead plug. The two types of 
The larger seals 


thick-walled silica tubing. 


the silica, thus forming a vacuum- tight joint. 


seals are shown in Figs. 1 (a) and 1 (b). 
will carry currents up to 100 amperes. 


xternal conductor 
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Fic. 1 (a).—Silica seal. Lead 
plug type for currents up 
to 50 amperes. 


Fic. 1(b).—Silica seal. 
The conductor through 
this seal may be up to 
4 in. diameter and is 
independent of the 
lead seal. 


It is necessary to ensure that overheating does not 
occur, as this may cause either melting of the lead or 
fracture of the silica tube. This overheating is pre- 
vented by the use of suitable blowers whereby cool air 
is continually supplied around the seals. Under these 
conditions the seals never become defective in use. 

The earlier valves were limited by the current-carrying 
capacities of the seals, which were limited to currents 
of the order of 10 amperes ; thus for large filament currents 
two or more seals in parallel were necessary. 


It is of interest to note that the heavy-current seals 
have a great advantage for the generation of high- 
frequency power on shorter wave-lengths when the type 
of circuit adopted is such that the valve inter-electrode 
capacity carries the main proportion of the generated 
oscillatory current. This has enabled existing designs 
of valves to be readily adapted for short-wave purposes. 


CONSTRUCTION AND EVACUATION. 
The silica envelope consists of a cylindrical body 
with domes welded on the two ends. This form is the 
most economical both for the manufacture of the silica 
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Fic. 2.—4-kW rectifying 
valve, type N.U. 22 C, 
with spiral spring in a 
protruding tube for 
sustaining tension on 
the filament. 


Fic. 3.—4-kW rectifying 
valve, type N.U. 22 B, 
with central rod for 
sustaining tension on 
the filament. 


envelope itself and for the various processes in the 
assembly and evacuation of the valve. 

The electrode seal tubes are fused into these domes 
in a direction which is usually parallel to the axis of 
the cylinder. This form is convenient for the baking 
processes during evacuation, as the electric oven may 
be lowered readily over the valve. The lead plugs of 
the electrode seals extend a few inches beyond the top 
and bottom of the oven and are subjected to a cooling 
air blast. 
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The metals invariably used for the electrodes are 
tungsten and molybdenum. These have high melting 
points and can therefore be raised safely to high tempera- 
tures. The filament is of tungsten wire, usually in the 
form of a loop, and is maintained in tension either by 
a spiral spring of molybdenum wire contained in a 
silica tube extending beyond the main body of the valve, 
or by some device such as a central guiding rod of 
molybdenum. Typical arrangements are indicated in 
the valves shown in Figs. 2, 3, 4 and 5. The spring 
is kept remote from the portions of the valve which are 
subjected to high temperatures, in order to preserve 
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Fic. 5.—15-kW trans- 
mitting valve, type 
N.T. 22 A. 


Fic. 4.—4-kW transmit- 
ting valve, type N.T. 24. 


its temper. The valves with filaments maintained taut 
by spring tension may be used with either end of the 
valves uppermost, but the other form must be used with 
the filament seals uppermost. 

The grid usually has a framework of molybdenum 
and a spiral or mesh of either tungsten or molybdenum 
wire. 

The anode, when of the radiation type, is now in- 
variably of cylindrical form constructed of molybdenum 
strip, woven basket fashion. This design of anode is 
much cheaper than a sheet-metal anode. Further, it 
has a slight flexibility which is useful in avoiding strains 
that may be set up on the unyielding silica supports 
under the influence of heat. 


The metal parts are cleaned by immersion in molten 
sodium nitrite. This operation requires care as the 
etching process produces violent burning of the metal 
if the temperature is allowed to rise too high. All 
traces of the reagent must be removed bv washing in 
water, otherwise the silica portions of the valve will be 
attacked during the baking processes. 

The electrodes are supported by silica rods and tubes 
welded to the envelope or loosely fitting in suitabie 
tubular extensions thereof. 

The constructional design of Naval silica valves is 
such that they can be readily repaired. One of the domes 
may be cut off the body by means of a carborundum 
wheel, and the electrode system and interior silica work 
can then be removed in a convenient manner for repair 
as required; thus any reconstruction necessary can 
usually be effected at a fraction of the cost of a new valve. 
The silica is welded by means of the oxy-coalgas flame. 
Nitrogen is usually passed through the valve during 
this process to reduce oxidation of the metals as much 
as possible. After the assembly is complete the valve 
is mounted on the evacuating bench and is baked to 
about 750? C. while hydrogen passes through it. This 
enables all the internal metal parts to be cleaned 
thoroughly when finally assembled, an advantage which 
is possessed only by the silica valve. Upon the com- 
pletion of this process the hydrogen outlet is sealed 
and the valve pumped out. The usual vacuum baking 
follows. 

With the radiation type of valve with tungsten and 
molybdenum electrodes, a baking temperature as high 
as 1 050? C. may safely be used. This ensures a thorough 
de-gassing of the materials and reduces considerably 
both the time of the final bombardment and the risks 
of electrode disintegration consequent on the production 
of '' blue glow.” i 

The valve is sealed off the pumping apparatus by 
applying an electric arc to a constricted portion of the 
silica exhaust tube. The use of an oxy-coalgas flame 
is inadmissible for this purpose, since the gas diffuses 
through the hot silica and impairs the vacuum of the 
valve. 

From the point of view of construction and manufac- 
ture the various types of silica valves so far standardized 
fall into two main groups, viz. those with envelopes 
about 4 inches in diameter and those with envelopes 
6 inches in diameter. The smaller types of valves are 
about 1 ft. in length, apart from the seals. These have 
anodes capable of dissipating energy by radiation up 
to the rate of 4 kW when in use, although during 
manufacture they are usually bombarded to about twice 
their circuit rating. A typical valve is shown in Fig. 4. 

The filaments of the different types of small valves 
which have been standardized require a power supply 
varying from 19 amperes at 12-5 volts to 28 amperes 
at 17 volts. These figures are not, however, to be 
regarded as limiting values, since a filament supply 
current of 50 amperes may be used without fundamental 
alterations to the dimensions or construction of the 
valve. 

The larger types of valves which have been standard- 
ized are about 20 inches in length, apart from seals. 
The transmitting valves in this group have anodes 
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which are bombarded to 24 kW during manufacture, 
and these are used under oscillatory conditions at an 
anode power dissipation of 10 to 15 kW. A typical 
valve is shown in Fig. 5. 

The rectifying valves in this group have slightly 
larger anodes which are bombarded to 26 kW. The 
filaments of the large transmitting valves are of tungsten 
wire 1 mm in diameter, taking about 47 amperes at 
26 volts. The rectifiers have slightly longer filaments 
of the same wire, taking 47 amperes at 33 volts. 

In the case of the radiation type of valve, the increase 
of the anode surface with increase of power dissipation 
and hence of the silica envelope surface imposes finally 
a limit due to the maximum practical dimensions of 
the silica as regards (1) cost of manufacture and (2) 
mechanical strain on the envelope when evacuated. 

Experiments have been carried out in connection 
with the development of a transmitting valve to dissipate 
60 kW at the anode during bombardment, the envelope 
being 3 ft. in length and 81 inches diameter. This 
valve is considered to be above the most economical 
size of envelope for standardized production, having 
regard to reasonable cost and robustness of. the valve 
for evacuation and transport purposes. 


CIRCULATORY COOLING SYSTEMS. 


It has already been stated that for the smaller power 
sets up to the order of 15 kW the heat energy from the 
valve anodes is dissipated by radiation in the wireless 
telegraph office. This may result in an undesirable rise 
in temperature for higher powers, and provision has 
therefore been made in these cases for cooling by a 
circulatory system. 


The circulatory methods of cooling may be divided 
under two headings :— | 


(a) Cooling arrangements in which the heat energy 
from the anode is radiated through the silica 
envelope to a jacket containing a cooling fluid. 
These may. be termed ‘external cooling ” 
methods. 

(b) Arrangements in which the anode is cooled directly 
by designing it in a tubular form such as a spiral 
through which a cooling fluid can be forced. 
This method may be termed '' internal cooling." 


(a) External cooling.—As regards external cooling, 
two methods have been found satisfactory :— 


(i) One method employs a simple double-walled 
cylinder containing the circulating water and 
surrounding the valve, as shown in Fig. 6. In 
this arrangement the valve does not come into 
direct contact with the fluid, and the replace- 
ment of a defective valve is an easy matter and 
avoids the spilling of liquid which would other- 
wise occur. The arrangement is particularly 
advantageous in the cramped conditions which 
prevail in ships' wireless telegraph offices, and 
experiments have shown that jt is possible to 
remove from the office 80 per cent of the heat 
generated by the valve. The seals of the valve 
are on the dome at the top, and air cooling is 
employed. 
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(ii) In the second method of external cooling the valve 
is totally immersed in a tank containing oil, the 
oil being circulated through a radiator system 
by means of a pump. The valve is slung in a 
metal framework by means of spiral springs, 
and the leads are brought to suitable insulated 
terminals on the top of the tank. The oil 
covers the seals, thereby providing high insula- 
tion and rendering unnecessary the provision 
of air cooling. 


Outlet 
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Fic. 6.—4-kW rectifying valve, 
type N.U. 22 B, in a water 
jacket. 


Fic. 7.—Transmitting 
valve with a tubular 
spiral anode for in- 
ternal water cooling. 


(b) Internal cooling.—The introduction of the type of 
seal in which the conductor is independent of the lead 
plug has enabled valves to be constructed in which the 
anode is an internal spiral tube of metal as shown in 
Fig. 7. In this way cooling of the anode is effected by 
continuous circulation of cooling fluid, either oil or water, 
through the tube. By the use of this construction it is 
not necessary to employ such large anodes and silica 
envelopes as must be used for corresponding powers 
in the radiation type of valve. As an example, the 
silica envelope which contains a 4-kW molybdenum 
anode has been used experimentally for a 40-kW tubular 
spiral anode. The properties of silica and the general 
design of the valve considerably facilitate the manufac- 
ture. It is possible to apply the process of vacuum 
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baking at 600° C. or more and the metal tube itself 
may be evacuated at the same time; thus the metal is 
de-gassed from both surfaces and as a consequence of 
this the bombardment process is comparatively short. 
The silica valve with internal cooling is easily opened 
for repair as in the case of the ordinary radiation type 
of valve. This type of valve is, at present, in its 
development stage; none has been standardized for 
production. 


OPERATING CONDITIONS. 


The normal anode supply voltage for transmitting 
valves having anodes of power rating of 2 to 5 kW 
is 8 000 to 11 000 volts; for the larger valves a supply 
of 12000 to 14000 volts is employed. For wireless 
telegraph transmissions the valves are operated at 
full power input with their anodes dissipating from 
50 to 60 per cent of the static bombardment power 
which is applied during evacuation, the valve oscillatory 
efficiency being 65 to 70 per cent. 

Failure of the majority of defective valves has been 
due to burnt-out filaments, and 90 per cent are known 
to have failed from this cause. The remaining failures 
are summarized under the more usual headings common 
to all valves, such as accidental breakages of valve 
seals or of internal valve construction, and softening of 
the valve. The permanence of construction of the silica 
envelope is well illustrated by the small proportion of 
casualties due to softening of the valve, which of course 
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may be due in every case to incomplete out-gassing during 
manufacture. 

The cost of repairs is dependent to a considerable 
extent on the nature of the defect. For burnt-out 
valve filaments the repair cost is from 15 to 20 per cent 
of the initial cost, while the average cost of repairs for 
all kinds of defects is from 20 to 25 per cent of the initial 
cost of the valve. 


METHOD OF PACKING AND TRANSPORT. 


The smaller valves up to 5-kW anode rating are fitted, 
when manufactured, in their holders: this facilitates 
the insertion of the valve in a transmitting panel. Thus 
each valve and its holder are always packed together 
for transport. 

The standard holders used are either a cylinder of 
insulating material surrounding the valve, or a light 
metal framework fitted with suitable springing devices. 
The valve, with holder, is packed in a nest of cotton 
wool inside a light wooden box suitable for hand trans- 
port. 
For general transport the box is packed in aspen 
shavings in a crate of hexagonal construction, the ends 
of the crate being further protected by means of buffers 
of hessian cloth stuffed with the wood shavings. 

The larger valves are not fitted with holders but are 
otherwise similarly packed. 


[The discussion on this paper will be found on page 
812.) 
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By W. J. PICKEN, Associate Member. 


(Paper first received 26th January, and in final form 21st March, 1927; read before the WIRELESS SECTION 
4th May, 1927.) 


SUMMARY. 


In the first section of this paper cooled-anode valves of the 
transmitting, modulating and rectifying types are described, 
with details regarding construction and pumping. Character- 
istic curves are given, and in some cases particular applications 
are considered. 

The second section deals with various factors which affect 
the lives of valves. The importance of the life of the valve 
cathode is emphasized, and means of obtaining the maximum 
life from the cathode are described. 

In the last section survivor curves are given for various 
tvpes of radiation-cooled valves, showing actual results 
obtained on commercial stations. As such data are not yet 
available for cooled-anode valves, extracts are given from 
valve records of stations using these valves. 


INTRODUCTION. 


The advent of thermionic valves in which the anode 
is cooled by the direct application of a cooling medium, 
marks a definite step in the history of these valves. 

This method of anode cooling was rendered possible 
by the development of valves in which the anode 
forms part of the envelope. 

Previously the general practice had been to use 
valves in which the anode losses were dissipated in 
the form of heat, mainly by thermal radiation, but it 
was apparent that the design of larger radiation-cooled 
units was becoming increasingly difficult and costly. 

Molybdenum and tungsten anodes were already used 
and no considerable increase in working temperature 
appeared probable; any increase in the loss radiated 
by the anode necessitated an increased surface of anode. 
This required an increase in dimensions, which in turn 
necessitated larger envelopes. Beyond a certain size, 
glass bulbs or envelopes became difficult to handle 
and hard (boro-silicate) glasses offered no very great 
advantage over good lead glasses. Silica envelopes 
permitted the greatest dissipation of power by radia- 
tion, but presented difficulties due to their cost, 
fragility, and transparency to X-rays generated inside 
the valve at normal working anode voltages. It 
appeared, therefore, that the limits of valves cooled 
by heat radiation were being approached. 

At one bound the liquid-cooled-anode valve over- 
came these limits. Valves capable of handling con- 
siderable power have been developed and there do 
not appear to be any serious problems in the way of 
developing valves capable of handling very much 
greater power. 

Valves of this general type have been manufactured 
in various parts of the world for approximately four 
years, and it may be of some interest to record at this 


time the stage of development reached in this connec- . 
tion by a company in England. 

This paper will describe a number of types of such 
valves developed and manufactured for Marconi’s 
Wireless Telegraph Co., Ltd., London, by the M.O. 
Valve Co., Ltd. 


CooLED-ANODE VALVES. DESCRIPTION, 
CHARACTERISTICS, ETC. 


The types * to be described are :— 

Transmitting valves.—C.A.T.1, C. A.T.2, C.A.T.65. 

Modulating or absorbing valves.—C.A.M.1, C.A.M 2, 
C.A.M.3. 

Rectifying valves.—C.A.R.1, C.A.R.2, C.A.R.3. 

The term ‘cooled anode” is intended to cover 
valves in which the anode forms part of the envelope 
and is capable of being cooled by water, oil or other 
liquid applied directly to the anode, and in this paper 
such valves will be referred to as cooled-anode valves. 

The first type developed was the transmitting valve 
C.A.T.1, shown in Fig. 1. The anode is made of copper 
tube 5 cm external diameter and 23 cm long, closed 
at one end, on the other end of which is brazed a ring 
of nickel iron on which the large glass cylinder 70 mm 
in diameter is sealed. By choosing a suitable alloy of 
nickel and iron it is possible to obtain an alloy with 
the same coefficient of expansion as the glass and thus 
obviate heavy stresses in the glass which would other- 
wise cause it to crack. To obtain a good joint between 
the glass and metal the nickel-iron ring is coated with 
a thin film of copper which causes the glass to stick very 
firmly to the metal. 

Inside the copper anode are the cathode and grid. 
The former is made of tungsten wire, 1 mm in diameter 
and 400 mm long; this is mounted in the form of a 
“ W,” each limb being 100 mm long. The cathode is 
mounted on two molybdenum leads and on a central 
support, one end of which is insulated from the fila- 
ment by silica, steatite or some such heat-resisting 
insulator. The leads carry the current to the cathode, 
which requires about 50 amperes at 20 volts. To lead 
such a high current through the glass would present 
difficulties if the leads were solid at this point. A 
satisfactory seal is produced by clamping the leads 
inside and outside the valve to a thin thimble of nickel 
iron or platinum, which thimble is sealed to the glass. 

Mounted also on the glass foot tube is the grid system,, 
which consists of a stocking mesh of fine tungsten 
wire woven on a braiding machine, supported by four 
tungsten rods, the whole of this being carried by four 


© The nomenclature signifies : —Cooled-anode transmitter (C.A.T.), cooled- 


anode modulator (C.A.M.), cooled-anode rectifier (C. A.R.). 


S 


792 PICKEN: COOLED-ANODE VALVES, AND 


weld vi baa fhe i Terep eve Section AA Section BB. 
of filamen nickel shield B 


n 


Sectional elevation | SectionAA Section BB 


Fic. 1.—C.A.T.1 valve. 


rods which are brazed on to a clamp. Glass is used to All parts of the electrodes inside the valve have to 
insulate this system from the cathode, a long path | be so made as to avoid sharp points which might 
with clean surface in vacuo giving excellent insulation. otherwise favour point discharge in vacuo. 

For ease of manufacture and centralizing the elec- The cathode and grid systems are cleaned by chemical 
means and also by raising them to a temperature of 
about 1 000? C. in vacuo. 

The whole of the filament and grid system mounted 


Anode current, amperes 


Total emission, in amperes, 7, 
Filament current, in amperes, Z, 


4 8 12 
Anode voltage, kilovolts 
Fic. 2.—Anode-voltage/anode-current characteristic of 


C.A.T.1 valve. 
APPROXIMATE DATA. 40 
Filament voltage = e volts. 14 16 18 20 
»5 current = 48-50 amps. 
Amplification factor = 65. r Filament voltage, 277 
Impedance — 15 000 ohms. Fic. 3.—Total emission curve of C.A.T.1 and C. A. T.2 valves. 


At t4 = 10 000 and v, = 0, slope = 4:34 mA/V 


trodes, the glass tube supporting the grid system is | on the glass foot tube is sealed into the anode and 
joined to the foot tube by a metal clamp. glass cylinder. 

The electrical connection to the grid is brought A side tube with constriction is used to connect the 
through a seal in the side of the glass cylinder. valve with the pump for exhausting purposes. 
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Fic. 4.—Diagram of connections of broadcast transmitter. 
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Fic. 5.—Effect of modulation on anode potential. 
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Fic. 6.—C.A.T.5 valve. 


= 52-5mm; = 47-5 mm. 
Cmar. = 728 mm; qm. = 628 mm. 
“=70mm; Enin. = 40 mm. 
max. = 996 mm; Fay = 326 mm. 
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The pumping system consists of diffusion pumps 
with liquid-air trap, assisted by a box pump and other 
mechanical pumps. 

The whole valve is baked in an oven to 400°C., 
during which time the valve is exhausted as completely 
as possible. 

The various parts are heated electrically either by 
resistance heating, as in the case of the filament, or 
by electron bombardment of the grid and anode. For 
most of the time the anode is cooled by water circulating 
round it. | 

An approximate figure for the bombardment of the 
anode of the C.A.T.1 is 12 kW at 20 000 volts from an 


|wLACLA 
LLL 
EPA dd 


zd 
ER ae aera a4 
EP AP ADAPT 


8 12 
Anode voltage, kilovoits 
Fic. 7.—Anode-voltage/anode-current characteristic of 
C.A.T.5 valve. 


APPROXIMATE DATA. 


Filament voltage = 20 volts. 
current = 75 amps. 
Amplification factor = 45. 
Impedance — 6 000 ohms. 
At t4 = 10 000 and v, = 0, slope = 7-5 mA/V. 


a.c. supply, using full-wave unsmoothed rectification. 
The grid is heated by bombardment at 14 kW, 600 volts. 

For larger valves, such as the C.A.T.5, the anode 
bombardment is of the order of 18 kW at 20 kV, and 
the grid at 2:0 kW, 600 volts. 

The C.A.T.1 is capable of standing a dead-loss test 
of 7-5 kW at 15 000 volts without impairing the vacuum. 
On oscillatory tests it has been taken up to an input 
of 30 kW at 15 000 volts. 

If it is assumed that circuit conditions limit the 
maximum anode voltage of transmitting valves to, 
say, 12 kV, then the maximum loading of most types 
of radiation-cooled valves is determined by the anode 
loss which the valve will stand without softening. In 
cooled-anode valves, so far as high-frequency work 
is concerned, this limit is practically absent. The 
life of the filament is the factor which limits the loading 
of cooled-anode valves. This maximum loading, there- 


fore, will vary according to economic rather than techni- 
cal conditions. 

The general practice adopted by the Marconi Co. is to 
rate valves conservatively so that the '' life expectation” 
may be high. The type C.A.T.1 is therefore usually 
rated at 10-15 kW input at 10-12 000 volts, with a 
consequent maximum loss of about 3 kW in the anode, 
when used normally as high-frequency magnifier or self- 
oscillating. Transmitting valves are used in a large 
variety of circuits, with varying demands on the valve. 
However, it can be taken generally that the lower 
input figureis applicable to wireless telephony conditions, 


amperes 


Filament current, 


Filament voltage 


Fic. 8.—Total emission curve of C.A.T.5 valve. 


and the higher to wireless telegraphy conditions. 
The anode-voltage/anode-current characteristics are 
shown in Fig. 2, and the total emission and filament 
voltage/current characteristics in Fig. 3. 

As is well known, when a valve is acting as a generator 
of high-frequency currents, to obtain high efficiency 
of conversion the valve must be allowed to conduct 
only during that part of the cycle when the anode 
voltage is at or about its lowest value. It follows, 
therefore, that the wave-form of the anode current 
varies with the efficiency of the circuit in which the 
valve is used.. The higher the efficiency the higher 
the ratio of peak value to mean value of anode current. 
Measurements have been made, using the same circuit 
arrangement but altering values to suit different valves. 
Ratios of peak space current, i.e. the peak value of the 
sum of the instantaneous values of grid and anode 
currents, to mean anode current have been obtained 
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varying between 4 to 1 and 7 to 1. Generally a value 
of 6 to 1 is taken, and, considering the characteristic 
curves shown in Fig. 3, it will be seen that for 10 kW 
input at 10 kV, that is, 1 ampere mean anode current, 


to the cooling system. In some cases they are cast 
with internal fins, tending to give the circulating liquid 
a spiral movement around the anode for more effective 
cooling. 


Grid 
“Keonnect | 


lcopper| 


A 
E . 
Emax. = 100 mm; 


H s» 680 mm. 
max. LÀ 
= 230mm; E a 228 mm 
mar , min. . 
» 


min, = 99 mm. 


max, = 02: 5b mm; Gnin, = 47-5 mm. 


5 amperes total emission is required, the filament 
voltage is 18, and the filament current 48 amperes 
approximately. 

When used on wireless telephony the conditions are 
more arduous. If it is assumed that modulation of 
the carrier wave is effected by varying the anode 
voltage of the transmitting valve, in a circuit such as 
is shown in Fig. 4, also that a peak value of modulation 
of 80 per cent is obtained and that the mean value 
of input is 10 kW at 10 kV, then the maximum con- 
dition the transmitting valve has to stand is the anode 
voltage swinging with audio frequency up to 18 kV, 
at which the anode current is 1-8 amperes (see Fig. 5). 
Taking the ratio of 5 to 1 gives a value of 9-0 amperes 
total emission. This requires a filament voltage of 
about 19:3 at 50 amperes. When the anode voltage is 
modulated to 18 kV, the high-frequency peak anode 
potential will be of the order of 34000, positive, 
relatively to the filament, while at the same instant 
the grid voltage swings negative to a maximum of 
approximately 3 000 volts. The transmitting valve 
therefore, under normal wireless telephonic conditions, 
has to withstand between electrodes potential differences 
of the order of 40 000 volts. During the preliminary 
adjustments of a new set, ''squiggers ” or parasitic 
oscillations of very high frequency may occur, giving 
rise to still higher potentials. To prevent discharges 
between electrodes under these conditions, corona 
rings and shields are fitted at various parts of the valve. 
Certain of these corona rings are incorporated in the 
capping arrangements of the valve, and others are 
located at the extremities of the anode. Inside the 
valve there is also a shield, amounting to a lengthen- 
ing of the anode beyond the glass seal, to prevent the 
intense electric field between anode, grid and filament 
concentrating on the metal cone of the anode-to-glass 
seal. 

To permit the circulation of a cooling liquid around 
the anode a '' jacket ” is fitted over the anode. This 
jacket has suitable inlet and outlet pipes for connecting 


If water is used for cooling it is necessary that the 
amount of temporary hardness should not be excessive, 
otherwise the furring of the anode causes less effective 


Anode current, amperes 


4 
Anode VOIE. kilovolts 
Fic. 10.—Anode-voltage/anode-current characteristic of 
C.A.T.2 valve. 


APPROXIMATE DATA. 


Filament voltage = 18—20 volts. 
current = 48-50 amps. 
Amplification oe = 50. 
a elec = 10 000 ohms. 
Ato, = 10 and t, = 0, slope = 5 mA/V. 


cooling. A suitable .maximum figure is 4 parts of 
calcium carbonate per 100 000 parts of water. 

In some cases, therefore, it may be necessary to install 
water-softening plant, As an alternative the hard 
water may be used to cool another liquid, for instance, 
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distilled water or oil, which is circulated through the 
valves and the '' cooler.” 

If the water supply is soft and pure a simple, 
compact method of attaching the cooling system to the 
high-potential anode is by means of glass or rubber 
tubing. Should the water be electrically conductive the 
"spray " method is useful This is done by fitting a 
watering-can ''rose"' to the inlet and outlet, circula- 
tion being by gravity over that part of the system. 
Another remedy in such cases is to use a circuit in 
which the anode is at earth potential. 

A higher-power transmitting valve intended for use 


Anode current, amperes 


-— 83% 


gw 
i 
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s 
Z1. 


Anode voltage, kilovolts 


tendency for high-frequency currents to flow on the 
inner surface of the glass bulb; these heat the glass 
and liberate gases. This can be prevented to a great 
extent by fitting a shield over the outside of the glass 
bulb but, as the cooling is by radiation, to avoid over- 
heating the glass the bulb syrface thus covered can 
only be a fraction of the whole. In the cooled-anode 
valve this limitation is absent, and therefore we find that 
the power handled on short waves equals that on long 
waves. This holds until very short wave-lengths are 
reached. 

The C.A.T.2 valve (Fig. 9) was produced especia!ly for 


TSS 
AD, 


6 


Fic. 11.—Anode-voltage/anode-current characteristic of C.A.M.1 valve, with ellipse. 
APPROXIMATE DATA, l 


Filament voltage = 20 volts. 
current = 50 amps. 


Amplification factor 


= 7. 


mpedance = 2 500 ohms. 
At t, = 12 000 and r} = — 1500, slope = 2:8 mA/V. 


on long wave-lengths is the C.A.T.5, shown in Fig. 6. 
Based on a general design similar to that of the C.A.T.1, 
the electrode system is lengthened, and the effective area 
of cathode increased. A relatively low-impedance 
valve is obtained, capable of efficiently handling input 
powers of from 15 to 20 kW at anode voltages up 
to 12 kV. The filament wattage is 50 per cent greater 
than in the C.A.T.1. Various characteristics are shown 
in Figs. 7 and 8. 

Even when fitted with conductors to all electrodes 
capable of carrying efficiently relatively high values of 
high-frequency current, the power input and anode 
voltage of radiation-cooled valves is usually less when 
used on short wave-lengths than when used on long 
wave-lengths. This is partly accounted for by the 


use as the transmitting valve on the short-wave 
beam stations designed and manufactured by the 
Marconi Co. The valve is “ double ended,” that is, 
the filament and grid are mounted on glass work at 
opposite ends of the anode. The capacity between 
grid and filament is reduced to a minimum consistent 
with good characteristics. The inter-electrode insula- 
tion is increased, and a type of construction is achieved 
which allows easy fitting, to all electrodes, of conductors 
capable of carrying heavy high-frequency currents 
with very low J?R losses. In the C.A.T.2 valve the 
grid seal and its leads are capable of carrving continu- 
ously a direct current of 100 amperes. 

Oil is sometimes used instead of water for cooling the 
anodes of C. A.T.2 valves when used on short wave-lengths, 
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in order that dielectric losses in the water may be 
avoided. These losses may otherwise affect the eff- 
ciency of working. 

On the beam stations, inputs per valve of 10 kW at 
about 15 m wave-length are handled by this type of 
valve acting as high-frequency magnifier. Character- 
istic curves are shown in Figs. 3 and 10. 

Type C.A.M.1.—This valve is similar in appearance 
and construction to the C.A.T.1, but has a grid wound 


Total emission, amperes 
Filament current, amperes 


15 t7 
Filament voltage 
Fic. 12.—Total emission curve of C.A.M.1 valve. 


with a very open spiral of fine molybdenum wire, 
giving a valve having a low anode impedance and 
low amplification factor. Such characteristics are 
desirable in a valve required to magnify without any 


distortion the audio-frequency electrical impulses which, ' 


starting with minute amplitudes at the microphone, 


Absorber 


Rectifiers Q 
resistance 


Drive 


Absorber 


in this, the last of a chain of amplifiers, emerge of 
sufficient power to modulate the carrier wave of the 
wireless telephone set. These valves are usually termed 


! an 
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Anode current, amperes 


0:27 


epee voltage, kilovolts 
Fic. 13.—C.A.M.1 valve; variation of vg/ig with vr 


modulating valves and are required to stand heavy 
anode losses. Cooled-anode valves are therefore especi- 
ally suitable for this work. 

The C.A.M.1 is capable of standing continuously 
5-6 kW anode dead loss at anode voltages up to 12 000 
(d.c.). 


Signalling 
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Fic. 14.— Diagram of circuit with absorber. 
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Fig. 11 * shows the anode-current/anode-voltage char- | the working point, assuming a capacity of 0-0004 uF 
acteristics of a C.A.M.1 valve at various grid voltages. | at a frequency of 2000. Other characteristic curves are 
For a dead loss of 5 kW at 12000 volts the working point | shown in Figs. 12 and 13. 
is at A. The line CAB shows the locus of the working 
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Fic. 15.—C.A.M.2 valve ; vg/ig curve with vg positive. Fic. 17.—C.A.M.2 valve; variation of vg/tg with vr. 


At t, = 250, positive. 
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Fic. 16.—C.A.M.2 valve; vg/ia curve with vg negative. 


APPROXIMATE DATA. 


Filament voltage = 20 volts. 
m current = 25 amps. 
Amplification factor = 25. 
Impedance = 5 000 ohms. 
At t, = 10 000 and t, = — 300, slope = 9 mA/V. 


6 
Filament voltage 
Fic. 18.—C.A.M.2 valve; total emission. 


point during a complete cycle, neglecting the effects 
of capacity. The ellipse CBEF shows the locus of The maximum distortionless anode-voltage change 
m under these conditions is 83 per cent of the applied 

* E. Green: ‘ Plate Current/Plate Voltage Valve Characteristics," Expers- . : : 
mental Wireless, 1920, vol. 8, pp. 402 aud 469. anode voltage. In a circuit such as that shown uin 
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Fig. 4, with 10 kV on the anodes of the transmitting 
valves C.A.T.1 and 12 kV on the anodes of the modu- 
lators C.A.M.1, the modulators are capable of fully 
modulating the carrier wave. 

Type C.A.M.2.—A simplified form of modulation is 
sometimes used on wireless telegraph sets, the valve 
acting as a switch, opening and closing a circuit through 
a resistance capable of absorbing some considerable 
fraction of the main power of the set. Such a circuit 
arrangement is shown in Fig. 14. 

When a positive potential is thrown on the grid of 
the “absorber” valve, anode current flows, causing 
current to flow through the resistance X, which absorbs 
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potentials, (2) the grid must be capable of standing, 
for long periods, losses incurred by a relatively high 
positive grid voltage at the same time as the anode 
voltage is at a minimum. In Fig. 15 the variation 
of grid and anode current with anode voltage is shown 
for various grid voltages. Other characteristics are 
shown in Figs. 16, 17 and 18. 

The C.A.M.2 will stand continuously a dead loss of 
150—200 watts in the grid. 

In order that the requisite positive and negative 
grid voltages shall be of reasonable values the ampli- 
fication factor is 25, a comparatively high figure for a 
'" modulating " valve. For '' absorber " work the anode 


2 


> 16 
Anode voltage, kilovolts 


Fic. 19.—C.A.M.3 valve; vg/ig with ellipse. 


APPROXIMATE DATA. 
Filament voltage = 17 volts. 
M current = 69 amps. 
Amplification factor = 6:5. 
mpedance = 1 000 ohms. 
At Va = 11000 and gj. = — 1500, slope = 6:6 mA/V. 


power during the “ spacing " intervals in morse tele- 
graphy. During the “ marking” intervals a suitable 
negative potential applied to the grid reduces the anode 
current to zero, and consequently no power is absorbed 
in the resistance. This lessens the fluctuations of load 
and consequent voltage variations which would otherwise 
occur. 

A convenient method of “ keying ” is obtained by 
simultaneously varying the anode voltage of the “ drive” 
at Y. 

For such purposes the “ absorber” valve requires 
certain particular characteristics: (1) With suitable 
negative potential, the grid should completely “ cut 
off" the anode current at the highest anode 


impedance is not so important as for modulating valves 
of the order of C.A.M.1 or C. A.M.3. The valve works 
under dead-loss conditions and therefore the total emis» 


sion is small compared with that of the C.A.T.1l. Advan- _ 


tage is taken of these conditions to economize filament 
watts. In Fig. 17 it will be seen that an anode current 
of 1-25 amps. at anode voltage 500, with + 250 grid 
volts and grid current 150 mA, requires a filament 
voltage of about 17, at which the filament current is 
24 amperes. Fig. 16 shows that a negative grid voltage 
of 500 reduces the anode current to zero with the anode 
at 10 kV. The power absorbed in resistance and valvé 
during “spacing ” is 12} kW and during “ marking " nil. 

Type C.A.M.3.—A modulating valve capable of 
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handling higher powers than C.A.M.1 is C.A.M.3. 
The physical dimensions approximate to those of the 
C.A.T.5. 

From Fig. 19 it will be seen that with an amplification 
factor of 6-5 the impedance is of the order of 1 000 ohms 
at about the working point. The slope is 6-5 mA per 
volt. 

This valve is capable of standing continuously a 
dead loss of 12 kW in the anode at anode voltages up 
to 12000. Fig. 19 shows a typical anode-voltage/ 


anode-current characteristic with the '' hazards ” shown | 


shaded. At the top is ‘‘ dead loss limit," to the left | 


“positive grid current," and at the bottom “ non- 
linear characteristics," otherwise ‘‘ bottom bending." 
The former is merely overload on the valve; the latter 
two cause distortion and “ blasting." A typical ellipse 
traversed by the working point in actual wireless tele- 
phone modulation is shown for a standing current of 
1:0 ampere at 12 000 volts. Under these conditions the 
peak anode voltage-swing obtainable, without distortion, 
is of the order of 80 per cent of the applied anode voltage. 

With efficient methods of water circulation, at least 
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Fic. 20.—C.A.M. 3 valve; total emission. 
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4 gallons per minute are required to cool the anode at 


this loading. Figs. 20 and 21 show other characteristic | 


curves. 


Type C.A.R.l.—A  cooled-anode rectifier in the | 


simplest case is made similar to the transmitting valve, 
but with the grid omitted. Such is the type C.A.R.1 
which resembles the C.A.T.1 almost exactly, but with 
the grid omitted. It is capable of handling a current 
of 1 ampere when connected in a bi-phase rectifying 
circuit such as is shown in Figs. 4 and 14, efficiently 
smoothed and at a d.c. voltage of 10 000. 

In full-wave rectification, during the half cycle 
when the rectifying valve is non-conductive it has 
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almost twice the a.c. peak value potential difference 
between anode and filament. There is no grid to 


| protect the filament from this powerful electrical field, 


and unless the filament is of very large diameter it is 
found that beyond a certain anode voltage it is difficult 
to restrain the tendency of the filament to bow. If the 


, rectifying valve has a cylindrical anode and a filament 


of the usual “ V" or “ W" shape, even when efücient 
filament-springing devices are employed there is a 
likelihood of the life of the filament being shortened 
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Fic. 21.—C.A.M.3 valve; variation of va/ig with vp- 


if the tension is made sufficient to restrain all tendency 
to bow. 

An increase in anode diameter relieves this strain 
but increases the valve impedance and therefore 
decreases the valve efficiency. A compromise between 
these various factors is arrived at with a maximum 
d.c. voltage of 10 000, giving characteristics as shown 
in Fig. 22. 

If the cathode is made accurately concentric with 
the anode this bowing difficulty disappears to a very 
large extent. Such concentricity is possible when the 
cathode is a single filament. 

Type C.A.R.2.—This is a cooled-anode diode which 
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embodies such an arrangement of filament and anode. 
The general construction is shown in Fig. 23. The 
ordinary cylindrical copper anode is compressed into two 
cylindrical chambers in each of which one leg of the fila- 


Anode current, amperes 


Anode voltage 


Fic. 22.—C.A.R.1 and C.A.R.2 valves ; valia curves. 


Filament voltage = 20 volts. 
T current = 50 amps. 


ment is situated. These two chambers have a 
relatively small connecting passage for. ease of assembly 
of various parts of the valve. 


The single-filament cathode concentric with the 
anode is also ideal in that all parts of the filament 
are fully exposed to the electrical field of the anode, 


Filament current, amperes 


Total emission, amperes 


Filament voltage 
Fic. 24.—Total emission curve of C.A.R.2 valve. 


giving the electrons a short, unimpeded path between 
all parts of the cathode and the anode. This results 
in a valve. having the unusually low anode/filament 


ER. » filament, 


Fic. 23.—C.A.R.2 valve. 
Amax. = 1100 mm; Amim, = 950 mm. 


C = 305 mm; 


max. 
Ep nax. = 87 mm 


The approximate data for the C.A.R. 2 are :— 


Filament Filament Max. D.C. Total 
voltage current voltage emission 
20 50 15 000 7:0 amperes 


At this anode voltage in the '' binocular ’’ construc- 
tion it is possible to reduce the anode diameter without 
fear of filament distortion. 


Cmin. = 301 mm. 


Enin, = 99 mm. 


resistance of 150 ohms. Characteristics are given in 
Fig. 22, which also shows a contrast of C.A.R.1 and 
C.A.R.2 characteristics. Fig. 24 gives total emission 
and filament voltage/current characteristics. 

A connection to the centre of the filament is provided, 
so that the return anode current can be led into the 
filament at several points. 

Type C.A.R.3.—This valve, a larger diode of similar 
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construction to the C.A.R.2, is capable of supplying 
d.c. voltages up to 25 000 and has a total emission of 
10 amperes. The filament current is 125 amperes at 
15 volts. It is interesting to note that the magnetic 
field of this filament current is sufficient to influence 
somewhat the paths of the electrons constituting the 
space current.* 

The influence of this “‘ magnetron " effect is shown on 
the impedance characteristic in Fig. 25. "These curves 
are derived from oscillograms, etc. The full line gives 


the characteristic at the instant when no filament 
current is flowing, and the dotted curve shows the 
characteristic at the moment when the filament current 
is at its maximum. 


RENTY e 


Anode current, amperes 


0 400 800 
Anode voltage 


Fic. 25.—C.A.R.3 valve; variation of vg with 4g, showing 
“ magnetron '' effect. 


Filament voltage = 15 vo'ts. 
3 current = 120 amps, 


1200 1600 


Factors WHICH AFFECT VALVE LIVES. 


The lives of the transmitting valves used in military, 
aeroplane and portable sets, and sets for intermittent 
use generally, are of secondary importance. Weight, 
size, economy of filament power and an anode voltage 
capable of being supplied by small, robust d.c. genera- 
tors, are of primary importance. 

In commercial wireless stations where an average 
working month of 650 hours is not unusual, maintenance 
and running costs, and therefore the lives of the trans- 
mitting valves, are of the greatest importance. If the 
valves are correctly loaded and operated, the cost of 
valve replacements will be only a small fraction of the 
total running costs of the station. It may be of interest, 
therefore, to consider briefly some of the factors which 
affect the valve lives. 

The maximum life of a valve is the life of its filament. 
Some of the main factors which determine the filament 
life are :— 


Diameter of filament. 
Effective area of filament. 
Total emission required from filament. 
* A.W. Hutt: Journal of the American I.E.E., 1923, vol. 42, p. 1013. 


Unless the filament is very short, when end-cooling 
becomes serious, the life of a filament increases in 
direct proportion to the increase of its diameter. The 
tendency is therefore towards filaments taking heavy 
currents at low voltages. 

The effective area is difficult to estimate accurately, 
being affected by the geometry of the electrodes and 
the conduction of heat from the filament by its supports 
and conductors. It is fairly easy, however, to estimate 
the effective area of the cathode of a new type of valve 
by comparison with known, existing types. If, there- 
fore, life data are available of one or two types taken 
under actual working conditions, they are of considerable 
use in this connection. 

Fig. 26* shows the variation of the life of a filament 
and the total emission with temperature and the 
corresponding changes in (1) watts per ampere emission, 
(2) filament voltage and (3) filament current. It will be 
observed that life and emission vary enormously with 
small changes of filament voltage. As a well-known 
phrase has it: “ A 5 per cent increase or decrease of 
filament voltage halves or doubles the life.'' 

A point to be emphasized is that in the majority of 
its applications the cathode of the transmitting valve 
must provide at all times such emission of electrons 
as will carry, without saturation, the sum of the highest 
peak values of the anode and grid currents. 

These peak values are affected by a variety of 
adjustments. They vary with the average anode 
current, and therefore valve filament economy urges 
the use of high anode voltages. Circuit design and 
adjustments give rise to considerable variation in the 
ratio of peak space current to mean anode current. 
As previously mentioned, measurements of peak values 
of the space current (anode and grid current) have 
been made, giving values of from 4 times to 7 times 
the mean anode current. The peak grid current may 
be as high as 14 times the mean anode current.  Efhcient 
working usually requires a peak value of space current 
of approximately 5 times the mean anode current. 
These measurements can be made by using the well- 
known method of measuring peak voltages, by the 
combination of a rectifier and electrostatic voltmeter 
with condenser across its terminals, measuring the 
voltage across a non-inductive resistance of known 
value. It may be well worth while considering the 
use of such measuring apparatus when designing or 
adjusting a new set, in order that a balance may be 
made between efficiency of conversion and filament 
life. The inter-winding electrostatic capacity of the 
filament transformer may be a difficulty, however. 

As the total emission has to be sufficient always 
to carry the peak space current, if there be any fluctua- 
tions in the filament voltage supply the total emission 
must be sufficient even at the lowest ebb of the filament 
voltage. A steady filament voltage is therefore an 
economical necessity. 

In Figs. 3, 8, 12, 18, 20 and 24, curves connecting 
total emission with filament voltage are shown. lt 
must be realized that these are for average valves, 
and that individual valves or batches may differ some- 


* B. S, Gosstinc and M. TuowPsoN : World Power, 1925, vol. 3, pp. 195 


and 333; also vol. 4, p. 147 
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what from the curves shown. Their application to 
practice also involves the use of meters, and switchboard 
instruments, especially of the a.c. type, are not always 
as accurate as the lives of filaments warrant. Standard 
instruments of greater accuracy for checking purposes 
are therefore usually kept on commercial stations. 

Valve filament voltage is, however, frequently adjusted 
to suit load conditions and individual valve charac- 
teristics, without reference to characteristic curves. 
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to raise the liquid to the same temperature, keeping 
the filament wattage equal in both cases. 

Fig. 27 shows the variations of mean grid current, 
positive peak grid voltage, mean anode current and 
high-frequency current with filament voltage, for a 
C.A.T.1 valve loaded at 10 kW input at 10 kV, self- 
oscillating. The circuit arrangement is shown in 
Fig. 28. It will be observed that from 21 to 18 fila- 
ment volts the grid current varies considerably, although 
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Fic. 26.—Gossling and Thompson's figure showing variation of filament life and total emission with temperature and the 
corresponding changes in watts per ampere emission, filament voltage and filament current. 


When radiation-cooled valves are used as magnifiers 
of high-frequency currents, or self-oscillating, the 
apparent heat of the anode is often taken as an indica- 
tion of minimum emission, the valve efficiency falling 
rapidly as saturation occurs. In cooled-anode valves 
this is not apparent, but similar information can be 
obtained by measuring the temperature of the cooling 
liquid. 

Actual watts loss and consequent efficiency of 
conversion can be accurately ascertained by noting the 
temperature of the cooling liquid under oscillating 
load, and then measuring the dead-loss watts necessary 


the anode and high-frequency currents remain almost 
constant. With the filament voltage below 18 the 
grid current falls rapidly, reaching zero at 16-75 volts, 
below which it reverses. At 16-75 filament volts the 
anode current is still 75 per cent of its full value. 

Fig. 29 shows similar curves, taken on a different 
C.A.T.1 valve acting as a high-frequency magnifier. 
With decreasing filament voltage and decreasing grid 
current the anode current first falls slightly, and 
then rises again to approximately its original value, 
while the grid current has fallen to 25 per cent of its 
full value. The variation of average grid current is 
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therefore an important indication of correct filament 
voltage. If reliance is placed solely on readings of the 
average anode current, or on the high-frequency current, 
damage may be done to the valve as a result of the 
alteration in grid bias due to the decrease and reversal 
of grid current. 
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Fic. 27.—C.A.T.1 self-oscillator ; variation of tg, tg, tay. tg, 
with vy. 


The maintenance of anode current with falling grid 
current may be attributed, at least in part, to secondary 
emission from the grid. As the filament voltage is re- 
duced, saturation occurs between grid and filament. The 
resultant reduction in grid current causes a decrease 


Fic. 28.—Circuit arrangement for C.A.T.1 valve. 


in grid bias, but so long as the oscillatory current is 
maintained the grid voltage induced from the oscillatory 
current is also maintained. The positive peak values 
of grid voltage therefore increase, resulting in relatively 
greater secondary emission of electrons from the grid. 
The higher positive peaks of grid voltage will increase 
the effective area of the filament, by decreasing the 


shielding effect of the filament support on the filament 
and of the filament limbs on each other, thereby delaying 
somewhat the effects of lower filament temperature. 
Eventually, however, failure of primary electrons will 
cause a decrease in the electrons flowing in the grid- 
anode space. The resultant decrease in anode current 
causes a progressive decline of all values towards zero. 
In Figs. 13 and 21, curves are shown connecting 
anode current and anode voltage at various filament 
voltages and at various values of grid voltage. Fig. 17 
shows anode current and grid current plotted against 
anode voltage for various values of filament voltage, 
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Fic. 29.—C.A.T.1 driven oscillator; variation of fg, ty, tay, ty 
with vy. 


with the grid 250 volts positive. These are for modulat- 
ing valves and are taken under dead-loss conditions. 


 Owing to the effective length of the cathode varying 


with the filament voltage, the impedance of the valve 
varies with filament temperature, at values of space 
current far below that at which true saturation begins. 
Under such conditions, therefore, it will be economical 
to permit slightly increased valve losses, due to increased 
anode impedance, and to increase the life expectation 
of the filament by reducing its voltage to a minimum, 
consistent with avoidance of serious saturation. This 
can be ascertained in practice by adjusting the anode 
voltage to the minimum operational value, the anode 
current to the maximum value, and adjusting the 
filament voltage to a value slightly in excess of that at 
which i4 begins to vary rapidly with vy. This '' excess " 
wil depend on the fluctuations of filament voltage 
supply. 
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In sets used for wireless telephony it is usual to light 
the valve filaments by direct current in order that 
hum may be avoided. The emission current will return 
to the filament at its negative end, and if the filament 
polarity is never altered this additional current will 
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Fic. 30.—Filament with equalizing resistances. 


cause greater evaporation and ultimately premature 
fracture at a point near the negative end, whilst at 
the positive end the filament still has half its expectation 
of life. 

If a C.A.T.1 valve is loaded to 15 kW input at 
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Per cent survivors 


20 


0 


seen that an increase in filament current of about 3 per 
cent would halve a filament life. 

In modulator valves the additional heating of the 
filament due to the space current may be more impor- 
tant. The space current is of the order of one-half the 
total emission current, as compared with one-fifth in 
the transmitter valves. 

It is important, therefore, that the filament polarity 
should be reversed at regular, frequent intervals of 
time. When direct current is employed for heating 


Per cent survivors 


Hours total life 
1000 2000 


60 
Per cent average life 


Fic. 31.—Survivor curves of 15 M.T.6 valves with serial 
numbers between 1800 and 1899. Average life 2 830 
hours. 


Anode voltage = 9 000 volts, 
» Current = 0:125 amp. per valve. 


the filament this reversing is usually done once per 


day by means of a switch. 

The ideal method of reversing filament polarity is 
by heating it with alternating current. For this 
purpose, however, it is essential that the alternating 


Per cent average life 
Fic. 32.—Survivor curves of 46 M.T.6 valves with serial numbers between 2000 and 2250. Average life 3 000 hours. 


Anode voltage = 9 000—9 600 volts. 
, current = 0:125—0: 138 amp. per valve. 


12 kV the mean anode current is 1:25 amperes. For 
this argument the mean grid current will be taken as 
0-25 ampere, the total mean emission current as the 
sum of these (that is, 1-5 amperes). The effective 
current heating the filament is not appreciably greater 
than the sum of the filament current and mean space 
current (that is, 51-5 amperes). From Fig. 26 it can be 


current used for heating the filament should not be 
synchronous with the alternating voltage applied to 
the anode. In bi-phase rectification in which the 
filament and anode are supplied from a common source, 
and which may therefore be synchronous, reversing 
switches will be required as for d.c. heating. If this is 
combined with a connection to the centre of the fila- 
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ment as in the C.A.R.2 and with a suitable arrange- 
ment of resistances as indicated in Fig. 30, the addi- 
tional evaporation caused by the space current will 
be adequately distributed over the filament surface. 
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cold, it is inadvisable to apply the full potential to the 
flaments of large transmitting valves without pre- 
liminary warming. If this precaution is not taken, 
the heavy current which will flow may strain the fila- 
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Fic. 33.—Survivor curves of 29 M.T.6 valves with serial numbers between 2460 and 2560. Average life 2 600 hours. 


Anode voltage = 9 600 volts. 
, current = 0-125 amp. per valve. 
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Fic, 34.—Survivor curves of 30 M.T.6 valves with serial numbers between 2999 and 3108. Average life 2 500 hours. 


Anode voltage = 9 600 volts. 
»» Current = 0-128 amp. per valve. 


If four-phase or eight-phase rectification is employed, 
the filaments can be heated from a phase in quadrature 
with the anode voltage. 

Due to the relatively low resistance of tungsten when 


ment owing to its magnetic action, and when the filament 
is getting old the parts most worn will be subjected 
to the greatest heat losses. When possible, similar 
precautions should be taken at switching off to prevent 
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strain from differential contraction. For a 50-ampere With so many variables affecting the valve lives it 
filament a resistance of about 0-5 to 0-75 ohm should | will be realized that when dealing with valves having 
be inserted in the filament circuit, for at least 15 seconds, | average lives of from 2000 to 10000 hours, according 


at switching on and switching off. to conditions of operation, a considerable number of 
years are required to obtain accurate average life 

VALVE LIVES AND SURVIVOR CURVES. figures for valves working under practical conditions. 
The life expectation of a thermionic valve, as for an Commercial wireless stations using radiation-cooled 


electric lamp, is usually given as an average life. The | valves have been in operation in various parts of the 
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Fic. 35.—Survivor curves of 13 M.T.6 valves with serial numbers between 2000 and 2100. Average life 3 550 hours. 


Anode voltage = 9 000 volts. 
,» Current = 0-125 amp. per valve. 
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Fic. 36.—Survivor curves of 15 M.T.6 valves with serial numbers between 2100 and 2200. Average life 2 950 hours. 


Anode voltage — 9 000 volts. 
» current = 0-126 amp. per valve. 


* spread," minimum to maximum, of normal casualties | world for a time sufficient to enable adequate life data. 
is considerable in all types of valves. If a batch of | concerning several types to be collected. 

valves is taken of sufficient quantity to be representative, A few typical survivor curves * showing filament burn- 
it will be found that filament burn-outs will begin at | outs for these types will now be given. 

about one-half the average life, and that others will | 


occur only after the valve has lived for twice its ‘ life | | : B. P. Duppiws and G. T. Wincn: “The Characteristics of Electric Lamps, 
: in Relation to their Testing,” a paper rea fore the Institution of Engineering 
expectation.” Inspection, in January, 1926. E 
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Type M.T.6. In Fig. 39 the lives of 11 valves with serial numbers 
Filament voltage . 15-5 between 1600 and 1699 are plotted. These were put into 
Filament current. 9-5—10-0 service during March 1924, the last failure being in April 
Approximate data4 Anode voltage . 10000 100 
Dead-loss dissipa- 
tion test . 400 watts 


Fig. 31-34 show survivor curves for valves used at 
Glace Bay transatlantic station, Nova Scotia, during 
1924-1926, and are fairly representative of this station. 
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Fic. 37.—Survivor curves of 8 M.T.6 valves with serial 
numbers between 2200 and 2250. Average life 2 600 
hours. 


Anode voltage = 9 000-9 600 volts. 
» current = 0:158 amp. per valve. 


The average life per valve, including casualties from 
all causes, during the past 5 years was 2523 hours. 
The average anode current is given on the curves; 
it should be noted that it is not the same for all curves. 
It will be seen that although the curves vary somewhat 
in shape they have certain well-marked resemblances. 
The spread of casualties is generally included between 
50 per cent and 200 per cent of the average life. 
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Fic. 38.—Survivor curves of 10 M.T.6 valves with serial 
numbers between 2160 and 2290. Average life 4 150 
hours. 


Anode voltage = 9 500 volts. 
» current = 0:12 amp. per valve. 


Figs. 35, 36 and 37 show Fig. 32 split into three 
groups according to serial numbers, and therefore 
more nearly according to time of manufacture. The 
curves differ somewhat in shape, and the average 
life per batch varies considerably. 

Figs. 36 and 37 show valves of the same serial group 
as that in Fig. 38, used at Munchenbuchsee station, 
Berne, Switzerland. The mean anode current of Fig. 38 
is lower at 120 mA per valve, and the average life of 
4 150 hours is higher than obtained on Figs. 36 and 37. 
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Fic. 39.—Survivor curves of 11 M.T.6 valves with serial 
eens between 1600 and 1699. Average life 4 800 
ours. 


Anode voltage = 9 000-9 600 volts. 
» Current = 0:126 amp. per valve. 
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Fic. 40.—Survivor curves of 14 M.T.6 valves with serial 
numbers between 1596 and 1636. Average life 10 000 


hours. 
Anode voltage = 8 800 volts. 
» current = 0:084 amp. per valve. 
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Fic. 41.—Survivor curves of 8 M.T.6 valves with serial 
numbers between 2245 and 2264. Average life 4950 


hours. 
Anode voltage = 9 200 volts. 
» current = 0:0875 amp. per valve. 


1925. Fig. 31 shows valves with serial numbers between 
1800 and 1899 put into service during March and 


April 1924, the last failure being in December 1924. 
Fig. 32 shows valves with serial numbers between 
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2000 and 2250 put into service between January and 
November 1924, the last failure being in July 1925. 
The valves in Figs. 31 and 32 were therefore in service 
at the same time as those shown in Fig. 39. The 
average lives are: Fig. 32, 3000 hours; Fig. 31, 2 830 
hours; Fig. 39, 4800 hours. This last figure is an 
exceptionally long life for M.T.6 valves at 125 mA 


average anode current per valve. It is, 


100 


Per cent survivors 
a 
e 
nr 
o 
Per cent failures 


however, 


800 


According to Fig. 20, a decrease in anode current 
from 125 mA to 84 mA, being equivalent to an increase 
in watts per ampere emission of about 150 per cent, 
should give an increase of 250 per cent in life. The 


actual average lives obtained as shown in Figs. 39 
and 40 are in fair agreement with this. A comparison 
of the survivor curves shown in Figs. 38 and 40 are also 
of interest in this respect. 


Per cent average life 


Fic. 42.—Survivor curves of 22 M.T.2 valves with serial numbers between 600 and 873. Average life 5 000 hours. 


Anode voltage = 9 400 volts. 
»» Current » 0-155 amp. per valve. 
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Fic. 43.—Survivor curves of 29 M.T.7A valves with serial numbers between 630 and 822. Average life 2 750 hours. 


Anode voltage = 9 400 volts. 
» current == 0-31 amp. per valve. 


indicative of the variations of average life per batch 
which may be expected when small batches are taken 
even under exactly similar operational conditions. 

Fig. 40 shows valves having serial numbers comparable 
with those shown in Fig. 39 but used at Deutsch 
Altenburg, Austria, under conditions differing from 
those for valves shown on Fig. 39, particularly in regard 
to the loading, the average anode current being 84 mA 
per valve. The average life obtained on 14 valves 
shown on Fig. 40 was 10 000 hours. 


A more normal batch of valves used under different 
conditions is shown for Barcelona in Fig. 41, which 
can be compared with Fig. 37 in regard to serial 
numbers. 


TUM Filament voltage . 17-0 
Filament current. 15:0 
Approximate data, Anode voltage 10 000 
Dead-loss dissipa- 
tion test . . 600 watts 
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Fig. 42 shows a typical survivor curve for 22 M.T.2 
valves used at Ongar station between July 1924 and 
October 1926, the average life being 5000 hours with 
an average feed current of 155 mA per valve. 


Type M.T.7A. 


Filament voltage. 12-5 
Filament current. 24-5 
Approximate data< Anode voltage 10 000 
Dead-loss dissipa- 
tion test 1-25 kW 


Fig. 43 shows the lives of 29 M.T.7A valves used 
at Ongar station between June 1925 and November 
1926. With an average feed current of 310 mA per 
valve at 9 400 volts the average life is 2750 hours. 

Fig. 44 shows valve lives at the same station as 
that in connection with Fig. 43, under approximately 
similar conditions, but for the first batch of valves 
installed at this station. The first 1000 hours show 
Signs of the variable conditions incidental to starting 
a new station. The latter half of the curve is normal. 
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Fic. 44.—Survivor curves of 13 M.T.7A valves. 
life 2 000 hours. 


Anode voltage = 9 400 volts. 
» current = 0-31 amp. per valve, 


Average 


Generally it can be said that :— 


(1) Different batches of valves give different results 
under similar conditions. 

(2) Similar batches give different results under 
different conditions. 

(3) Similar batches give different results under 
what are intended to be similar conditions but on different 
sets. 

(4) New types of valves may give variable results at 
first. 

Under (1) come variations in the manufacture. 
Filament wire, glass, vacuum, electrical characteristics, 
filament resistance, etc., vary slightly as between valve 
and valve or batch and batch. 

Item (2) includes variations due to different loadings 
and known circuit conditions. 

Item (3) includes such variables as fluctuations of 
filament voltage supply, adjustment of circuit condi- 
tions affecting the ratio of peak space current to mean 
anode current, accuracy of meters, closeness of adjust- 
ment to minimum filament voltage, new sets or new 
stations, and the human factor. 


In general, survivor curves conform to three general 
types as shown in Fig. 45 :— 


The narrow. 
The wide. 
The linear. 


The “‘ narrow " type would appear to be normal for 
valves used under steady conditions as regards load, 
filament voltage, etc., and at a loading well within the 
capacity of the valve. 

The ''linear" type results from variable conditions, 
overloading, excessive filament voltage, etc. 

The “ wide " type is probably a compound of several 
batches each giving narrow curves. 


TABLE 1. 
Daventry Valve Record for December 1926. 
Valves in circuit Life 


Type C.A.R.2 (Magnifier Rectifier Panel). Filament 
voltage 18-4 (a.c.). D.C. output per valve 815 mA. 
H.T. voltage 10 600. 


104 5 563 hours 36 mins. 
46 1994 hours 43 mins. 
112 ] 994 hours 43 mins. 
114 472 hours 45 mins. 
Type C.A.R.2 (Modulator Rectifier Panel). Filament 


voltage 18-4 (a.c.). D.C. output per valve 875 mA. 


H.T. voltage 11 500. 


54 5 563 hours 36 mins. 
50 3 338 hours 43 mins. 
108 1 102 hours 32 mins. 
115 835 hours 12 mins. 


Type C.A.M.1 (Modulator Panel). Filament voltage 


18-0 (d.c.). Feed per valve 425 mA. H.T. voltage 
11 500. 

140 5 563 hours 36 mins. 

163 4 958 hours 23 mins. 

214 2 325 hours 23 mins. 

130 1 670 hours 11 mins. 

208 1 650 hours 22 mins. 

209 1056 hours 2 mins. 

216 856 hours 7 mins. 

219 856 hours 7 mins. 

Type C.A.T.1 (Magnifier Panel). Filament voltage 
19 (d.c.). Grid current per valve 79 mA. H.T. 
voltage 10 600. 

Feed 
174 1560 hours 9mins. 990mA 
177 1 430 hours 22 mins. 790 mA 
225 1188 hours 16 mins. 910 mA 
222 178 hours 5 mins. 810 mA 
Failure. No. 169. (Filament burnt out.) Life 2183 


hours 6 mins. 


Type C.A.T.1 (Drive Panel). Filament voltage 18 (d.c.). 
Feed 650 mA at 10 000 volts. 


181 4 400 hours 20 mins. 
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Fic. 45.—Narrow, wide, and linear types. 
TABLE 2. 
Carnarvon Station Valve Record for December 1926. 
ores Use in circuit (GLC) Average ty f jvc EREE P Life at end of month 
volts volts mA hours 
226 No. 2 Mag. 18-45 00 m 899 
221 No. 2 Mag. 18-45 one ne 3016 
246 No. 1 Mag. 18-35 om ie 700 
246 No. 1 Mag. 18-35 Soon e 700 
256 No. 1 Mag. 18-35 etd ete 700 
247 No. 1 Mag. 17-1 ded: 750 es m 
212 No. 1 Mag. — — — 3 162 spare 
223 No. 1 Mag. — — — 2 574 spare 
204 No. 1 Mag. 18-35 Sn ied 3 887 
219 No. 1 Mag. 18-35 n 326 3 862 
217 No. 1 Mag. 18-35 DO ae 3 862 
203 No. 1 Mag. 18-35 Sod ipd 1 212 
213 No. 1 Mag. 18-35 om ied 3 887 
211 No. 1 Mag. 18-35 dee E 3 887 
202 No. 1 Mag. 18-35 sts eo 3 887 
216 No. 1 Mag. 18-35 dn ien 3 887 


No failures. 
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Survivor curves can therefore be used for two general 
purposes :— 

(1) To study the conditions under which valves are 
being used. 

(2) To study the behaviour of valves under given 
conditions. - 

The former assists in correcting wrong conditions 
of operation. 

The latter assists in the calculations in valve design, 
and allows the effect of alterations and improvements in 
manufacturing processes to be watched. 

As an example of assisting valve design, the M.T.7A 
rating was based largely on M.T.6 and M.T.2 survivor 
curves. The M.T.7A curves have been used similarly 
for the cooled-anode valves. 

It is too soon yet to give similar data regarding 
cooled-anode valves, but from the foregoing it will be 
seen that certain standards as regards average life have 
been established by radiation-cooled valves, and it is 
already evident that cooled-anode valves will not fall 
short of these standards. 

Extracts are given in Table 1 from the December 


1926 valve records of Daventry broadcasting station of 
the British. Broadcasting Corporation and in Table 2 
from the Marconi station (GLC) at Carnarvon, from 
which some idea will be obtained of the lives of cooled- 
anode valves types C.A.T.1, C. A.M.1 and C.A.R 2. 

The Daventry records are for valves used in a circuit 
approximating to that shown in Fig. 4. Valves showing 
lives of 5 563 hours have been used at Daventry ever 
since that station was opened. 

At Carnarvon the valves are run from high-tension 
d.c. generators, the normal anode voltage being 9 000. 
The reduced anode voltage of 5 200 was a temporary 
reduction during a breakdown of one generator. 

All valves are good and in circuit except where 
otherwise stated. 

The author is indebted to Marconi’s Wireless Tele- 
graph Co., Ltd., and associated companies, to the 
M.O. Valve Co., Ltd., and to the Research Laboratories 
of the General Electric Co., Ltd., for assistance and 
information in preparing this paper, and to the Bntish 
Broadcasting Corporation for permission to publish 
data regarding Daventry. 


DISCUSSION BEFORE THE WIRELESS SECTION, 4 May, 1927, ON THE PAPERS BY 
Mr. C. F. ELWELL, Messrs. H. Morris-AIREY, G. SHEARING AND H. G. HUGHES, AND 


Mr. W. J. PICKEN, RESPECTIVELY.* 


Dr. R. V. Hansford: The idea of a demountable 
valve which can be taken to pieces and repaired like an 
engine is a very pleasing one, but I feel that this type 
of valve will not be a serious rival to the sealed valve 
until it can be made to deal with outputs of the order of 
100 kW. Powers up to 30 to 40 kW can be handled 
easily by liquid-cooled valves. These liquid-cooled 
valves have a reasonable life and they can be repaired 
fairly easily; therefore it seems to me that it is more 
economical for the users to let the manufacturer pump 
and repair these valves periodically rather than to 
maintain pumping systems themselves which would 
have to be provided in duplicate at least in order to 
provide for a continuous service. If, and when, the 
demountable valve has been developed to deliver an 
output power of 100-200 kW it should be a serious rival 
to the sealed valve, if, in the meantime, the latter has 
not developed to similar high powers using a low- 
temperature filament. I should like to ask Mr. Elwell 
whether valves of this type have been used in parallel 
either with a separate pumping system or with a common 
pumping system. Also it is not quite clear from his 
paper whether there is a transmitting station in regular 
commission which uses one of the larger valves, i.e. 
with an aerial power of the order of 30 kW. 

The paper by Mr. Morris-Airey and his colleagues 
seems to me to have demonstrated clearly the advan- 
tages of the silica valve over the glass valve as a radiation- 
cooled valve for transmitters of medium power, and 
the Post Office proposes to equip the transmitters of 
the new station at Portishead for ship and shore work 
with silica rectifers and oscillators. The paper also 
indicates the possibility of the development of liquid- 
cooled silica valves, but I should have thought that, 

* See pages 784, 786, and 791. 


having reached the stage where a circulating cooling 
system is desirable, the obvious advantages of the 
cooled metal anode would make it unnecessary to 
develop a liquid-cooled silica valve, but possibly it is 
desired to meet special Naval conditions which I have 
not appreciated. Therefore, while the silica valve has 
a good field for medium-power stations, I do not think 
that at present it can compete with the liquid-cooled 
valve for high-power stations. The line of development 
we can anticipate is towards the larger valves and the 
use of fewer of them in parallel; it would appear that 
the silica valve as a unit has reached the limit of its 
legitimate development in the way of increase of power 
per valve. 

Mr. Picken's paper contains some very interesting 
curves dealing with the question of the life of trans- 
mitting valves, but there is one point on which I am 
not quite clear. At the foot of page 807 the author 
says: “ A few typical survivor curves showing filament 
burn-outs for these types will now be given." As thereis 
no further qualification concerning the figures, I assume 
that the diagrams in the paper refer to filament burn- 
outs only and do not include losses from other causes. 
But the latter, due to defects which develop in working, 
softening, etc., may form quite an appreciable proportion 
of the losses, and the user is concerned with the average 
life of all valves. I have looked up our records for 
Stonehaven radio station and I was interested to find 
that out of a batch of 16 valves the 13 which failed 
through filament burn-outs are exactly on the narrow 
curve of Mr. Picken's Fig. 45; the other losses alter 
the shape of the curve considerably and make it of the 
form given in Fig. 35. Hence my interest to know 
whether some of the curves in the paper do include 
losses other than those due to filament burn-outs. 
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if not I should be glad if Mr. Picken could tell us what is 
a reasonable average correction to apply to the data 
obtained from filament burn-outs in order to include 
other losses. I raise this point because the question of 
other losses seems to me to be of greater importance 
when we are concerned with liquid-cooled valves. 
The Carnarvon and Daventry records for a particular 
month are very interesting but do not give us, of course, 
any information as regards average life. Our experience 
at Rugby is that, although our average valve running 
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valve of a particular type. Actually the type in question 
was a Philips-Mullard valve, and, in view of the manu- 
facturer's scepticism, Mr. Faulkner and I took the 
apparatus to Holland to demonstrate the fact that this 
effect was inherent in the valve itself. Joint experi- 
mental work with Drs. Holst and Van der Pol (Messrs. 
Philips) and Mr. Harley (Messrs. Mullards) in the 
laboratories of Messrs. Philips, demonstrated that, in 
this particular type of valve, certain current discharges 
were due to the fact that the filament support inside 
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costs have been extremely close to the estimate prepared 
before the station was built, the determining factor as 
regards valve life is not the filament life. To illustrate 
this I have plotted on Mr. Picken’s Fig. 45 the survivor 
curve for 154 water-cooled valves (Fig. A). This 
curve approximates to the exponential form y = a’, 
where a = 0-948, and this value of a shows that for equal 
periods of time the loss in any period is about 5 per cent 
of the survivors at the beginning of the period. The 
causes of loss are many and various and a good deal of 
development work seems necessary before the logical 
and ultimate aim is reached where the filament life 
becomes the determining factor in the average life of 
water-cooled valves. A later batch of 78 valves for 
which the data are still meagre shows the same expo- 
nential form for the survivor curve but witha = 0-978 ; 
therefore our loss per unit of time is now something of 
the order of 2 per cent per unit of time instead oi 5 per 
cent, which obviously shows a greatly improved valve. 
As I believe that the voltage conditions under which the 
valves are used are big factors in the life of the valves, 
I still think there is room for the development of a 
low-anode-voltage valve with a much increased filament 
emission, as suggested in a recent paper by Mr. Faulkner 
and myself.* In the same paper we discussed the fact 
that the high-tension d.c. voltage which can be used 
with water-cooled valves in high-power stations is 
limited by intermittent current discharges through 
single valves, which, if the voltage is high enough, may 
destroy the valves. An interesting discussion followed 
as to the cause of these discharges, and in our reply we 
described a method by means of which we had been 
able to demonstrate these discharges with a single 
* Journal I.E.E., 1927, vol. 65, p. 297. 
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the valve was not definitely anchored in potential and 
that movement of the parts might under certain cir- 
cumstances permit this filament support to have a 
potential, under oscillating conditions, as high as 
1000 volts relative to the filament, with consequent 
sparking inside the valve. Once the cause of this particu- 
lar trouble was found it was easy to remedy, and good 
results have since been obtained at Rugby with this 
type of valve, as will be seen from the following typical 
series of readings :— 


Schedule of Readings. 


V.T.30 V.T.30 


Type of valve in use .. 
l 2 


Number of power units in use 
Total number of valves in 
power units = s 15 18 


Aerial current, A vd m 740 700 
Aerial power at 0:61 ohm, kW 335 300 
Voltage, V 9 900 9 300 
Total d.c. input4 Current, A 48-5 46 
to transmitter | Power, kW 480 428 
Filament power, kW s 21 25 
Efficiency of transmitter per 
cent— 
Excluding filaments T 70 70 
Including filaments Js 67 66 
Voltage on antenna, V 166 000 157 000 


It should be stated that this adjustment has not yet 
been given an extended trial under traffic conditions. 
Personally we are not satisfied that this is the whole 
story about current discharges, but certainly the curing 
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of this particular defect in this particular type of valve 
has doubled the output per valve when working on a 
high-power transmitter. This experience shows how 
essential it is that there should be the closest co-operation 
between makers and users of valves; this fault did not 
show up with a single valve under normal oscillatory 
conditions with a d.c. supply voltage as high as 17 000 V 
from a rectifier unit. 

Mr. B. S. Gossling : On reading these three papers 
a casual reader might wonder whether there had not 
been considerable overlap in development. We have 
_three types of valve quite markedly different, but all 
designed to perform approximately the same function. 
Perhaps, however, that is rather a superficial view, 
because on looking into the matter one finds that 
although the methods have admittedly been different, 
the objects aimed at were also different, and in conse- 
quence there has been a steady divergence in the 
evolution of the different types. As a consequence, I 
do not think it is likely that anyone who attempts to 
come to a conclusion as to the relative merits of the 
different types is likely to come to any sound conclusion 
on the basis of the facts given in the papers. The whole 
development of the valves described by Mr. Picken 
has been absolutely dominated by what he describes 
as the conservative rating of the valves. In the design 
of any valve, one of the most important factors is the 
cathode. Here the glass valves, of which Mr. Picken 
has given the survivor curves, have set a very good 
pace. In glass valves the power at which the valves 
were run was limited by the life of the cathode, and 
not by considerations connected with the power dissi- 
pation from the anode. That rather answers Dr. Hans- 
ford’s point. There was a certain proportion of other 
failures; and I think the case he quotes from his 
experience is not at all an unrepresentative one. The 
proportion of other failures is usually of the order of 
10-20 per cent, although it is rather higher in his case. 
The survivor curves of the Daventry water-cooled 
valves—the only complete set which have been burnt 
right through, the Carnarvon valves having lasted such 
a long time—were of a narrow type and showed no 
analogy to the exponential curve given by Dr. Hansford. 
In that case there were no failures of oscillatory valves 
through softness—they were all burn-outs. It was 
a rather unexpectedly regular type of result for the 
small number of valves, seven or eight, which were 
involved. In the metal valves, the cathode is ample to 
give a very long life on this conservative rating under 
any conditions of use, even though the anode voltage 
be lowered with some valves to the order of 5 000 volts 
as in the case of the Rugby station ; and it is possible 
to use very much larger cathodes. Increasing the 
cathode is not solely a question of increasing the current. 
It is actually a question of increasing the area of hot 
tungsten that is to say, increasing the watts. It is, 
therefore, not solely a question of the seals; it may 
involve the constructional details inside the valves. 
As a matter of fact, that has not caused us very much 
trouble. 

The properties of the silica valves enumerated are 
highly satisfactory. The transparency to X-rays has 
been omitted from the catalogue, and in that respect 
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I think that proof that a particular installation is safe 
according to modern standards must be based on 
quantitative measurements. The fact that a silica 
bulb gives off gas only at very high temperatures has 
also been omitted. All these properties of silica have 
been known for a very long time; the development 
of the metal-glass valve, however, has been an adventure 
into the unknown. The event has been unexpectedly 
happy, and the doubters, of whom I was one, have been 
discomfited. The following brief summary covers the 
more important points :— 

(a) The glass used has been found to be one of the 
best as regards absorption of heat radiation. It is only 
some 30 per cent worse than silica. It is again one of 
the best as regards dielectric losses, and can still be 
considerably improved if necessary. It withstands 
cycles of heating and cooling (at Daventry some thov- 
sands of such cycles). 

(b) The glass to metal seal based on accumulated 
experience in the substitution of base alloys for platinum 
has given no trouble. 

(c) Possible porosity of the metal, even of commercial 
copper, has not shown itself in many hundreds of valves 
manufactured. | 

(d) The robustness of the completed valve is remark- 
able. 

(e) In evacuation, equilibrium pressures below 10795 mm 
of mercury are regularly obtained without elaborate 
procedure or any obscure individual differences between 
valves. 

(f) Repairs are readily carried out on the machines 
used for first assembly. 

(g) Short-wave operation gives far less trouble than 
occurs in glass valves. 

(h) The life obtained is twice that expected from 
analogy with glass valves, and is close to the ideal set 
by the accepted rate of evaporation of the filament. 

To sum up, a silica valve installation is compact and 
simple, provided liquid cooling can be avoided, but 
glass valves properly rated are extremely reliable; 
sealed metal-glass cooled-anode valves have now shown 
that they combine both advantages. The relative 
merits of the pump attachment are speculative, even 
for higher powers than those at present demanded. 

Mr. S. R. Mullard : I should like to ask Mr. Elwell 
whether the Holweck types of demountable valves 
have been tried on very short-wave transmission. I 
think that some difficulty might arise under such 
conditions. 

Dealing with Mr. Morris-Airey’s paper, I do not 
agree with Dr. Hansford that the silica valve has reached 
its final stage of development. The internal water- 
cooled construction is, I think, only a step in a direction 
which may lead to a completely sealed valve which can 
be raised to a very high temperature during evacuation, 
and thus enable a very stable condition of vacuum to 
be obtained. 

With regard to Mr. Picken’s paper, it is well known 
that, provided filaments of the right dimensions are 
employed, the life of a valve can be made as long as 
desired. If one could only get the large users of valves 
to demand a common type, and agree to this policy 
of a large factor of safety for the filament, it would make 
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things very much easier for the valve manufacturers ; 
but, unfortunately, this is not possible, as valves have 
to be used under different conditions. For instance, 
in aircraft I can quite understand that weight is of 
some consequence and that the filament consumption 
must be small; whereas perhaps in ship work, or in 
land stations particularly, this is not of importance. 

Mr. W. Gibson : One point in Mr. Picken's paper is 
of very great interest, and that is the shape of the sur- 
vivor curve for transmitting valves. The shapes shown 
in the paper are of the common type which one gets with 
transmitting valves. I think that Fig. 37 shows the 
ideal case where, so to speak, the life is determined by 
the life of the filament, and the valves burn out according 
to the probability of the average life. The curve of 
the exponential type shown by Dr. Hansford is rather 
different. That shows a case where other factors enter 
into consideration, and the life of the valve is very often 
determined by general conditions. The number of 
valves which fail in any period of time is dependent on 
the number of valves in existence at the beginning of 
that period, which points to the exponential form, of 
course. Two of the statements made by Mr. Picken 
[Nos. (2) and (4), page 810], viz. that different results 
are obtained under different conditions and that different 
results are obtained as manufacture proceeds, cover the 
particular figure given by Dr. Hansford. In this case 
we are dealing with a new type of conditions and practi- 
cally a new type of valve. The effects of the conditions 
of operation are obvious if one takes the similar survivor 
curve for different conditions of operation, such as one 
meets with in the broadcasting stations, where the same 
valves give curves of the general type—the type shown 
in Mr. Picken's paper. 

Mr. H. L. Kirke : I can only speak personally from 
experience of the cooled-anode type of valves, which 
certainly have been a very great success at Daventry. 
The actual curves of survivor life are extremely inter- 
esting. Mr. Picken refers to the question of the ratio 
of the peak value of the anode current to the mean value 
of the anode current. This affects the life of the valve 
considerably, as it in time affects the maximum emission 
required. This point rather turns on the system of 
transmission that it is proposed to use. For instance, 
the figure of 5 to 1 for the ratio of peak value to mean 


value in current is a condition for the ordinary anode: 


modulation, whereas if high-frequency magnification is 
used, and one works at such a portion on the curve as 
to obtain a linear response of aerial current against the 
excitation voltage on the grid, it is possible to get a 
reasonable efficiency, and at the same time to have a 
ratio of peak value to mean value of only about 3 or 
34 to 1, provided the wave-form of the excitation to the 
grid contains no harmonics. 

In the paper on '' Silica Valves," reference is made to 
several conditions of power dissipation of the anode 
during oscillating conditions. I should be glad if the 
autbors would explain a little more fully what they mean 
by tbat statement. 

Dr. H. D. H. Drane: The types of valve described 
‘in the papers differ so much in constructional features 
that one might reasonably expect each to have some 
specific field of application. If such boundaries to use 


do exist, they appear to be delimited not by any con- 
sideration of electrical performance, since each type of 
valve may be made to function identically, as the authors 
have severally explained. The limits, if they have any 
reality, seem to be marked rather by the special local 
circumstances within which the valve and its accessory 
° gear will be called upon to operate. Where a choice 
is possible between the three types, the commercial 
and technical ideals which are likely to have influence 
will be, in brief, low operating cost and simple, safe, 
reliable service. Reliability will be most closely realized 
if the valve should be a discrete unit, and therefore as 
free as possible from encumbrance by auxiliary cooling 
and pumping gear, which might act as a potential source 
of trouble. All things being considered, the choice seems 
very open. In the introduction to his paper, Mr. Picken 
passed some comment upon the silica valve. He speci- 
fically cited its cost (not apparently its operating cost), 
its fragility and the transparency of its envelope to 
X-rays, as difficulties and limits to general use which 
the liquid-cooled-anode valve has overcome. I should 
like to query these statements in some measure. Natur- 
ally I concede the great features of merit which the 
liquid-cooled-anode valve does possess in the large 
ratings—it is to be remembered, however, that the more 
compact nature of the anode cooling arrangements has 
been obtained only at some sacrifice of simplicity. 
Though none of the valves described is free from 
auxiliary cooling gear of some type, a dry air blast as 
used on the silica valve is assuredly more simple and 
desirable to manipulate than is a water supply, especially 
in the neighbourhood of high-tension gear. Taking 
the specific points of Mr. Picken’s criticism in turn and 
presuming the cost of the completed silica valve to be 
1-5 times that of a similarly rated cooled-anode valve, 
then, with only two filament renewals to the silica valve, 
operating costs are in the ratio of 1 to 1:3, the lower 
figure applying to the silica valve (using Mr. Morris- 
Airey's figures for repair costs). Personally, I see no 
valid reason why the silica valve should not survive 
at least four filament renewals before the valve envelope’ 
would cease to be serviceable. In that case the ratio of 
costs becomes l for the silica as against 1'7 for the 
liquid-cooled-anode type. The problem of fragility 
appears to be inescapable and surely applies equally to 
the liquid-cooled-arode valve, to the silica valve, and 
to the vitreous parts of the Holweck valve. lt may not 
be generally realized, but the fragile appearance of the 
silica valve is in itself a very real safeguard against 
rough handling, especially by an inexperienced operator. 
Like Dr. Hansford, I am intrigued to know whether 
there is some obscure reason why the silica valve should 
be adopted for Naval purposes. I should be interested 
to hear from Mr. Shearing whether any failures have 
occurred with silica valves because of accidental exposure 
to gunfire pressure waves. It would seem that the 
silica valve, having a homogeneous envelope, might 
possibly be more likely to survive a suddenly imposed 
shock of this character than would the liquid-cooled 
anode valve, with its articulated envelope. Perhaps the 
most interesting point of comment which Mr. Picken 
has made relates to the transparency of the silica envelope 
to X-rays; I would ask him and the other authors if 
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they know of any trouble which has been experienced 
in the ordinary use of the valves because of this property 
of the silica. Further, is the presence of the weak X-radia- 
tion which is produced outside the valve really material ? 
And again, is the liquid-cooled-anode valve really much 
less an offender in this respect unless lead glass is 
invariably used in its construction ? Some of the liquid- 
cooled-anode valves which have been available commer- 
cially. have, I think, made. use of the so-called harder 
glasses which do not differ greatly from silica in their 
transparency to X-rays. On considering the matter 
one would expect that the greater part of any X-radiation 
produced within the valve would come out axially— 
even with a basket-woven anode. I have satisfied 
myself that this is the case by experiments with a valve 
similar to that shown in Fig. 5 of Mr. Morris-Airey's 
paper. This valve operated with a peak anode voltage 
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demountable type, intermediate between the Holweck 
valve and the cooled-anode valve which uses ordinary 
glass. 

Mr. B. P. Dudding : I wish to confine my remarks 
particularly to the survivor' curves in Mr. Picken's 
paper and to one or two points arising out of them. They 
are of particular interest in view of some of the remarks 
made by Dr. Hansford. I have prepared a diagram 
(Fig. B) to illustrate what happens when a batch of 
valves which would give a normal survivor curve are 
in part subjected to under and over voltage. Curve 
“a” is representative of a normal survivor curve for a 
batch of similar filaments operated at the same voltage 
in vacua of the same degree. Curves "b," “c, “d” 
and ' e" are for similar filaments operated in the same 
degree of vacuum at 2 per cent lower voltage and 2, 
4 and 8 per cent higher voltage respectively. Over- 
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Fic. B.—Effect of operating voltage on survivor curve. 


during oscillation of about 20 kV. Of course with the 
higher parasitic voltages possible during oscillation, 
instanced by Mr. Picken on page 795, a much more 
penetrating radiation will be produced, and conceivably 
also its distribution about the valve may be different. 
The troubles likely to be experienced from the presence 
of X-radiation are damage to an operator, and reduction 
in the limiting voltage for corona on conductors outside 
and about the axis of the valve. Such reduction of the 
limiting voltage for corona, and consequent easement of 


voltage stress, will be most marked at the time when high . 


parasitic voltages occur—which is just when, if at any 
time, it is to be desired. With normal operating con- 
ditions, however, the radiation which will be produced 
is not likely to be very plentiful or penetrating, and each 
of the troubles mentioned will be remote. In any case, 
screening is not a difficult matter. It appears from 
Mr. Morris-Airey's suggestive description of the cutting- 
open and re-welding of the top of the silica valve—in 
the process of filament renewal—that the use of silica 
as the material for the envelope permits the use of 
ordinary engineering methods of repair much more 
readily than does common glass. Comparing the three 
types of valve from a very general standpoint, the 
silica valve may perhaps usefully be classed as a semi- 


running by 2, 4 and 8 per cent reduces the average life 
of batches of similar valves by 25, 50 and 66 per cent 
respectively. In practice valves tend to be over-run 
rather than under-run, due to the nature of their service. 
Curves I and II in Fig. B are the survivor curves of batches: 
of similar valves which are subjected to the following 
condition of operation. Curve I is derived from curves 
“a” “b” “c” and “d” and is the survivor curve 
of a batch of valves, 10 per cent of which are under-run 
by 2 per cent in voltage, 40 per cent are operated at 
normal voltage, 40 per cent are over-run by 2 per cent, 
and 10 per cent are over-run by 4 per cent in voltage. 
Curve II is similarly derived from curves “a,” “b,” 
“c,” “d”? and "e" and is the survivor curve for a. 
batch of valves, 10 per cent of which are under-run 
2 per cent in voltage, 40 per cent are run at normal 
voltage, 35 per cent are over-run by 2 per cent, 15 per 
cent are over-run by 4 per cent and 10 per cent are 
over-run by 8 per cent in voltage. It will be noted that 
this type of curve is very much flatter and approximates: 
to some of those described in the paper and also men- 
tioned by Dr. Hansford. Another interesting point is. 
that whilst a considerable proportion of the valves had' 
been subjected to some degree of over-running and a. 
smaller proportion to under-running, the net result is. 
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that the average life is not greatly reduced, being about 
90 per cent of that of a batch all operated at their correct 
voltage. The over-running mentioned is not excessive, 
8 per cent in voltage for the valves in question being 
equivalent to about 1 volt. Mr. Picken also tabulates 
in his paper other variants which may affect the survivor 
curve. Our experience leads us to think that the follow- 
ing three are most important. Firstly, the normal 
manufacturing deviations in length and diameter of 
the filament lead to some being over-run and some 
under-run when valves are operated on the same voltage. 
Secondly, even pure tungsten is liable to contain volatile 
impurities, if only of the order of 0-1 to 0-01 per cent, 
and these impurities, boiling out of the filament during 
operation, affect the rate at which the tungsten is lost 
by the filament, and therefore its life. Thirdly, there is 
evidence that the life of a filament is affected by the 
degree of vacuum in which it is operated. None of 
the authors deals with this, but it is, I believe, a vital 
and important point. I should like to know whether 
they have made such measurements, because one of the 
interesting things in the development of the water-cooled 
valve is that its life approximates the ideal which would 
be expected on the basis of the evaporation law of Lang- 
muir, whilst the life of glass valves is only of the order 
of half that value. Measurements made in our laboratory 
indicate that glass valves operating at their designed 
loads have a gas pressure of 10-* to 10-5 mm of mercury, 
whilst the pressure in the water-cooled valve is below 
10-9 mm. It appears, therefore, that this difference in 
gas pressure under operating conditions is responsible 
for the relatively longer life of the water-cooled valve. 
Mr. H. G. Hughes: I should like to join issue, as 
Dr. Drane has done, with Mr. Picken about his remarks 
in regard to cost, fragility and transparency to X-rays 
of silica valves. The cost of metal valves is two or three 
times that of silica valves of the same power, and a 
defective silica valve is repairable at about one-quarter 
of the price of a new one. It appears to me that a stan- 
dard silica valve in a tubular holder, as shown on one 
of the lantern slides, is not more fragile than any other 
type. Samples of silica valves, both large and small, 
have been dropped in their packing cases from a height 
of 20 ft. without damage. Moreover, the valves are 
transported all over the world quite safely. As regards 
gunfire, I have only heard of one instance of a valve 
being damaged by concussion. The valves are carefully 
mounted on springs, and experience has shown that the 
method is quite satisfactory. As regards transparency 
to X-rays, we have had valves in use for six or seven 
years, and the only known case of anybody being affected 
by X-rays was in the early days at the Signal School, 
when a very keen worker was situated within a foot or 
so of a valve. The injury suffered was very slight, and 
we have never had any trouble since. In service no 
one ever stands so close to a valve, and all the X-rays 
which are likely to be liberated are absorbed long before 
they can act on any operator. We have also carried 
out very careful tests with photographic plates, and 
are quite satisfied that no harm can result from X-rays. 
Mr. Picken says that the liquid-cooled-anode valve has 
overcome the power limits of other valves. That is not 
quite correct at present, as the information given in 


the papers shows. We do not know yet whether the 
silica valve with an internal spiral will go very far ahead. 
We have had this type oscillating, for example, on 
inputs of 20 to 24 kW and dissipating 8 to 10 kW, or 
something of that order, but it is too early to talk about 
the valve as a finished article. The metal-glass valve 
will probably develop most successfully economically 
when handling minimum powers in the neighbourhood 
of 50 kW. Mr. Picken refers to the necessity of avoiding 
points in the valve to prevent point discharge in the 
vacuum. I know that some workers in physics have 
claimed that it is possible to get a current from points 
in a high vacuum, but the current is only of the order 
of a few microamperes. In silica valves there are points 
in many places, but these have never given rise to 
trouble. Good pumping prevents it. We can see inside 
the valve and if there were any discharge we should be 
aware of it. Dr. Hansford has mentioned certain inter- 
mittent discharges. I ascribe these to the metallic 
deposits which may be on the electrodes or on the 
insulating portion of the valve. A small metallic deposit 
on silica, for example, will under electrostatic strain 
cause a flash-over, which is in the nature of a spark or 
small series of sparks. It may be a brief arc of metal 
vapour. If the deposit has acted in manufacture as a 
“ getter " and absorbed gas, a '' blue-glow ' may result. 
If there is sufficient metallic vapour volatilized by the 
flash it may act as a '' getter " and clean up the gas 
which has been liberated. Silica valves are baked to 
such a high temperature that permanent softening rarely 
results from this effect. 

I visualize the future development of large power 
valves as being along the lines described by Mr. Elwell. 
The Signal School staff originally had ideas of developing 
a valve working on the pumps.* Owing to pressure of 
work with silica valves that idea has never been properly 
carried out, but the experimental work which has been 
done encourages the view that such a valve would be 
a success. 

Dr. G. B. Bryan: I should like to ask Mr. Elwell 
whether there is any difficulty in starting up the Holweck 
valve. My experience with another type of metal valve 
was that although it might work very satisfactorily, 
when it was started up after being cold for some time 
and out of action and had the anode voltage applied there 
was a very big rush of anode current, which disappeared 
after a very short time. I put it down to the fact that 
some gas was occluded in the anode. During the 
continued action of the valve the gas on the surface was 
dissipated and the valve ran satisfactorily, but if it 
was left out of action for some time I came to the con- 
clusion that some of the gas came to the surface and, when 
a sudden bombardment was commenced, this gas was 
emitted in an ionized condition, and caused a sort of 
flash-over. I had to be very careful in starting up, 
and I should like to know whether the same thing happens 
in the case of the Holweck pump. I was dealing with a 
valve having a 30-ampere filament and 2 000 volts on 
the anode. It was water-cooled and an interval of 
several minutes was always required to get it going 
satisfactorily. This work was the beginning of work 
suggested by Prof. Fortescue for the metal valve, which 

* See British Patent No. 162367. 
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was going to be developed at the Signal School. As to 
the life of the filament, in 100 hours it lost 10 per cent 
of its weight. It would be of interest to learn the loss 
of weight of the Holweck filament after 200 to 300 hours. 

Mr. H. R. Cantelo: Attention has been drawn to 
the question of the vacuum inside the valve while it is 
in operation. I have assisted at H.M. Signal School 
in the experiments on the spiral-anode type of valve, 
and an observation I made a few days ago may be of 
interest in this connection. A valve on the pumps while 
working under oscillatory conditions developed a leak, 
which, however, was not sufficiently serious to prevent 
the valve from oscillating. I took readings of the 
pressure from time to time. The leak was not a steady 
one, as the pressure would rise and fall alternately for 
a minute or two. I found that as the pressure fell, 
oscillations built up; as the pressure rose, they fell 
away. At a pressure of 0-00001 mm of mercury the 
valve would oscillate, while at a pressure of 000005 mm 
the valve entirely failed to oscillate. At intermediate 
pressures there was a partial failure of oscillations. 
This would indicate that the maximum amplitude of 
oscillations is a definite function of the pressure of the 
residual gas. 

Mr. G. Shearing: The successful application, 
described by Mr. Elwell, of the Holweck demountable 
type of valve is of considerable interest. Experimental 
work on a valve of this type has been carried out by 
H.M. Admiralty during and since the war period, but 
the valve was not proceeded with owing to the successful 
introduction of the silica valve for Naval wireless 
telegraph purposes. The additional cost of the pumping 
plant required for the demountable valve is an important 
factor to be taken into account when comparing the 
relative costs of various types of valves for an installation. 
I consider, however, that this tvpe of valve will be a 
very formidable rival to other types of valves for cases 
where single power units above 100 kW are required. 

With reference to the paper by Mr. Picken, whilst 
I agree as to the importance of filament life I suggest 
that consideration should also be given to the oscillatory 
power output per valve in regard to valve economics. It 
may prove desirable, where space is important, to reduce 
the number of valves for an installation and run them 
at higher oscillatory output proportional to the static 
bombardment; it is a question of how far one can go 
without seriously increasing the valve cost per working 
hour for a given oscillatory output of an installation. 
The Naval experience as to the reduction of power 
input for glass envelopes when used in circuits for the 
generation of short waves is in agreement with that of 
Mr. Picken. This limitation does not apply, however, 
to the silica envelope, and we are able to use this type 
of valve at equal power inputs for both long and short 
waves. 

Mr. P. R. Coursey (communicated) : The considera- 
tion of transmitting valves of the three types dealt with 
in these papers has, in most of the discussion as well as 
in the papers, turned primarily upon the manufacturing 
side of such valves. From the point of view of the user, 
however, some other considerations appear to be of 
importance. Apart altogether from the special condi- 
tions which have led to the development of these three 
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types of valves, it should be evident that each type must 
have a sphere of application to which it is best adapted, 
or for which it provides the more economical solution. 
Apart from specialized radio applications, the users of 
these valves generally need to produce a certain output 
in kW of high-frequency energy at a stated frequency, 
and require to know the most economical arrangement, 
considered both from the standpoint of capital expen- 
diture and of maintenance costs. In this connection it 
would be of great help to such users if the authors could 
add data, say in the form of a curve sheet, expressing 
the approximate cost per kW output of high-frequency 
energy in terms of the frequency and of the total output. 
A combined curve containing data for all three types of 
valves would be stil more useful, and would greatly 
simplify the choice of valve for any particular conditions. 
Failing this, however, three sets of curves of the above- 
suggested type would still be very helpful in this connec- 
tion, and would doubtless tend to further the commercial 
applications of such valves, apart from their radio uses. 
Mr. H. Faulkner (communicated): As a direct 
comparison with the Carnarvon station valve record 
shown in Mr. Picken's paper, on page 811, a similar 
record representing the present conditions at Rugby 
might be of interest. The particulars are as follows :— 


Type of valve: V.T.26 (Standard Telephones and 
Cables, Ltd., 10 kW type). 


Average anode current per valve = 1-°35A (d.c.) 
Average d.c. voltage — 6 300 
Average kW input — 8-5 


Panel No 2 Telegraph Transmitter. 


Valve position Valve number Life to April 30, 1927 
hours 
1 230 1 825} 
2 290 3754 
3 256 2 308} 
4 260 2 315 
5 235 1 529} 
6 83 4 598} 
7 84 4 698} 
8 80 4 575} 
9 157 4 2121 
10 19 3 6491 
ll 278 7073 
12 237 1 6051 
13 262 2 2911 
14 233 1 825} 
15 68 4 055i 
16 259 2 3281 
17 279 5671 
18 244 9634 


No failures occurred on this panel during the month. 
It will be seen that the valves are working on a slightly 
heavier duty than is the case at Carnarvon, although 
the anode voltage is much lower. The average life, too, 
compares quite favourably. I was very interested 
in the characteristics shown by Mr. Picken, and I was 
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impressed by the enormous anode dissipations, reaching 
in some cases to more than 100 kW, required to produce 
the curves. I should be interested to know whether 
all the curves shown represent actually observed values, 
and, if so, a brief description of the method employed. 
I should also be interested in seeing the continuation 
of these characteristics towards zero anode voltage and 
current. This region is necessary in order to make a 
study of the probable behaviour of the valve with various 
minimum values of anode voltage, etc., and the curves do 
not appear to lend themselves to extrapolation. Mr. 
Picken has described the special features of the modulator 
valves, and I note from Fig. 4 that twice as many modu- 
lators are required as magnifiers of about the same 
power rating. Thus three times as many high-power 
valves are necessary if the anode-voltage modulation 
system is used, than would be the case if the modulation 
were Carried out at low powers and the resultant modulated 
high-frequency amplified. It would thus appear that the 
effect of the care taken in ensuring long life is, in this par- 
ticular case, completely negatived by the system adopted. 

Mr. L. C. Grant (communicated): It is rather striking 
to note that no speaker in the discussion has referred to 
the use of valves in any other connection than for 
radio work. While valves are used solely for wireless 
there seems little doubt that their size and the outputs 
required will be limited, and if those associated with the 
development of valves have wireless requirements 
foremost in their minds it would seem almost inevitable 
that certain limitations in development and outlook will 
creep in. Personally, I think that before long we shall 
be using valves for the rectification of alternating current, 
for power transmission, etc., and for the generation of 
high, medium, and even low frequencies for industrial 
purposes. I have worked out the possibilities and cost 
of converting and transmitting by direct current (recti- 
fied by means of valves) and compared it with the cost 
of transmitting alternating current at commercial 
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frequency stepped up by means of transformers in the 
usual way, and there are sound arguments in favour of 
such a direct-current installation. It requires chiefly 
a company or other body dealing with the distribution 
of electric power to come forward with sufficient courage 
to try out a commercial installation. Again, for the 
many branches of industry, it seems certain that 
valves are already finding their niche. For electric 
furnace work there are many processes which can be 
carried out much better by means of high frequency ; 
in fact, some of these processes could not be carried out 
at all unless high frequency were available. The methods 
of generating high frequency, other than by the use of 
valves, are not particularly attractive, whereas the 
valve generator can be operated and controlled with 
remarkable precision and reliability. A year or so ago 
I designed a commercial installation for generating 
alternating current at 50000 cycles per second by 
the use of silica valves. There are no moving parts 
in this generator, the feed is low-frequency alternating- 
current, and only two valves are used. The required 
output of 12 kW has been obtained since the instal- 
lation of the set, and the operation and efficiency 
are both of a good order. There has been no trouble 
of any sort since the plant was installed. It is 
now proposed (by a small alteration) to increase the 
output four-fold. With this plant experimental and 
commercial smelting has been carried out in a manner 
hitherto impossible. It is not difficult to mention a 
few of the possible processes which could be advantage- 
ously carried out by the use of valves; for instance 
there is the production of higher-grade alloys such 
as Mumetal and Permalloy. General smelting and 
even such everyday operations as the heating and 
bending of ships' framing, etc., at present carried out 
by coal, gas and low-frequency alternating current, 
are processes likely to be tackled in the near future by 
high-frequency methods. 


THE AUTHORS’ REPLIES TO THE DISCUSSION. 


Mr. C. F. Elwell (in reply) : I was very pleased to 
hear Dr. Hansford say that he was in favour of larger 
and fewer valves, because it is just in that field, I think, 
that the demountable valve will finally outstrip its 
competitors. Just as the Poulsen arc generator of 
continuous waves was developed to practical working 
units of 1000 kW, starting with 5- and 12-kW units, 
so the demountable valve as a generator of continuous 
waves will be built up. It is here that Dr. Hansford's 
department can help, because nobody wants to build a 
100-kW unit unless there is a place in which to try it. 
With the data already available, I feel that there would 
be no trouble in building a 100-kW valve as a single 
unit. Having experimented with that, the next step 
would be to build, say, a 180-kW valve, which could 
replace those panels at Rugby consisting of eighteen 
10-kW units. I believe that Rugby now has six 
30-kW units in service, and the next step would seem 
to be to have two demountable 90-kW units, which 
could be placed on one pump. This has already been 
done by using a Y-shaped fitting, as two such valves 
could be pumped by means of one Holweck pump. 


In reply to the query as to whether any demountable 
valve had been used for any length of time at 32 kW, I 
can only say that at the Eiffel Tower one of the 10-kW 
units was operated for over a year and was then super- 
seded by one of 30 kW. This unit was operated for 
some months, and further data were obtained on which 
the possibility of building a 100-kW unit was demon- 
strated. 

The point raised about vitreous parts was, of course, 
very material with the demountable valve. The pieces 
between the pump and the valve, and also for holding 
the grid in the filament, are only about 3 inches long, 
and they could be made of ordinary silica instead of the 
transparent type. 

With regard to the question raised by Mr. Hughes as 
to the life of the filament, I believe it is the practice to 
take the filaments out when they are reduced in diameter 
by about 10 per cent. As to the point raised by Dr. 
Bryan about starting up at the Eiffel Tower and Mal- 
maison, when the set had not been in use for some hours, 
or even for a night, it was found quite easy to start up. 
When a filament has been taken out for renewal, a little 
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operation taking 4 or 5 minutes has to be carried out, 
to drive off any occluded gas before the valve would be 
quite ready for operation. 

Messrs. G. Shearing and H. G. Hughes (in 
reply): We very much regret that the death of Mr. 
H. Morris-Airey on the 19th June last has deprived 
us of his guidance in preparing the reply to the 
discussion on our paper on silica valves. The silica 
valve is a subject in which Mr. Morris-Airey was par- 
ticularly interested and it is in great measure due to 
his creative belief in its possibilities in the early days, 
and to his enthusiastic direction of the experimental 
work at all stages of its subsequent development, that 
the silica valve has become the undoubted success it is 
to-day. 

With reference to Dr. Hansford's remarks concerning 
the extension of the silica valve to the higher powers, 
where it may be desirable to remove the heat from 
the transmitting room we desire to point out that for 
single silica-valve units used for h.t. power supplies 
of the order of 15 to 20 kW per unit the use of water- 
cooling is economically sound. A comparison of quota- 
tions made to us shows that the initial cost of the silica 
valve is certainly no greater than the cost of the liquid- 
cooled metal-glass valve, and the silica valve has the 
great advantage that it can be repaired from 4 to 6 
times at a Cost, for each repair, of the order of 20 to 25 per 
cent of that for a new valve. Whilst the liquid-cooled 
tubular-anode type of silica valve is at present in the 
experimental stage, we consider it possible that this 
type may prove a sound commercial proposition for 
valves of the order of 30 to 50 kW per unit. In this 
connection we are glad that Mr. Mullard agrees with 
us in stating that the silica valve has not yet reached 
its final stage of development. The importance of 
having no isolated metal work for the filament-supporting 
system of the silica valve when used for short waves 
was Observed by us in the early development work of 
the valve, and we are interested to know that a similar 
precaution is advisable for the liquid-cooled valves used 
for the Rugby long-wave circuits. 

With reference to Mr. Gossling's remarks, we would 
state that no trouble from X-rays has occurred during 
the operation of transmitting sets fitted with silica 
valves and used in ships and shore stations at home 
and abroad, and some of these sets have now been 
in use for 7 years. As regards the evolution of gas 
from silica at high temperatures, we have observed 
that gas is evolved during the vacuum baking process 
at two definite regions of temperature, viz. 200? to 
300? C. and 800? to 900? C; it is interesting to note 
that these temperatures correspond to two of the tem- 
perature regions in which changes occur in the crystalline 
forms of quartz.* The observations we have made 
during subsequent evacuation processes on repaired 
valves show that the first baking to 1050? C. com- 
pletely removes the gas. It has been pointed out in 
the paper that casualties due to softening of valves 
in use form a very small percentage of the total 
failures. 

In reply to Mr. Kirke, the power dissipation of the 
anode during oscillatory conditions has reference to 


* R. B. Sosman: Journal of the Franklin Institute, 1922, vol. 194, p. 471. 


the heat energy which is dissipated when the valve is 
in operation on a transmitting circuit. The anode is 
capable of dissipating a much greater power than this 
without melting during static bombardment in manu- 
facture, when it is usually bombarded to the maximum 
safe temperature value for the anode to ensure de-gassing 
of the metal. Thus the static bombardment power 
is considerably greater than the naval “rating” of 
the valve for use on oscillatory circuits. 

We confirm Dr. Drane’s remarks on the simplicity 
of the cooling arrangements for the radiation type 
of silica valve when used on moderate powers. It is 
the small space required by the silica valve for a given 
power supply with air-cooling arrangements which 
makes it such an excellent proposition for ship trans- 
mitters, even when one does not take into consideration 
the economic saving as regards operating costs of a set ; 
in this connection it has to be noted that provision 
of a water supply for a wireless telegraph office on 
board ship is costly. Special experiments were made 
to observe the effects of gunfire blast, and no envelope 
fractures have occurred in sets exposed to severe gun 
blast. In a very few cases there has been fracture of 
a valve filament due to shock transmitted by the external 
supports. 

Mr. Coursey's interesting suggestion as regards a 
combined curve of costs for all necessary types of valves 
would probably be best met by making definite inquiries 
from the respective manufacturers. In making cost 
estimates, due allowance must be made for the ease of 
repair of the silica valves. 

The satisfactory operation of the commercial installa- 
tion of high-frequency smelting plant employing silica 
valves which is described by Mr. Grant is of interest, and 
we believe the silica valve has an excellent future for 
industrial applications of this nature; the fact that 
the radiation type of silica valve can be employed with 
simple air circulation at much higher powers than 
glass or metal-glass valves will probably prove a valuable 
factor in reducing the cost of operation for industriel 
work. There is undoubtedly a wide application possible 
in the field of electrical engineering to which Mr. Grant 
has referred, and we consider the valve with silica 
envelope, which can be fitted with any required design 
of electrode system, will prove a satisfactory commercial 
proposition for these requirements. 

Mr. W. J. Picken (in reply): With reference to Dr. 
Hansford's inquiry, the survivor curves shown are for 
filament burn-outs only. It is intended to show that 
a law does apply to such failures, given a sufficient 
number of cases. They serve as checks, and as guides 
to the working conditions at the stations and to the 
effects of variations in the design of valves, etc. As 
Dr. Hansford says regarding other casualties, '' The 
causes of loss are many and various." The other casual- 
ties appear to be accidental and abide by no known law. 
Many of the curves are drawn for valves used at Glace 
Bay station and, in order to correlate filament burn-outs 
and other casualties, particulars regarding total casualties 
from all causes at Glace Bav station are given on 
page 808: “‘ The average life per valve, including casualties 
from all causes, during the past 5 years was 2 523 hours.” 
A reasonable correction to apply to the data regarding 
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filament burn-outs, in order to include casualties from 
all causes, would be to take about 85 per cent of the 
average life obtained when filament burn-outs only are 
considered. Dr. Hansford says that the Carnarvon and 
Daventry records do not give any information regarding 
average life. As stated on page 812, '' It is too soon yet 
to give similar data regarding cooled-anode valves. . . . 
Extracts are given in Table 1 from the December 1926 
valve records of Daventry . . . and in Table 2 from the 
Marconi station (GLC) at Carnarvon, from which 
some idea will be obtained of the lives of cooled-anode 
valves types C.A.T.1, C. A.M.1 and C.A.R.2." 

It may be of some interest to trace the subsequent 
history, up to the end of June 1927, of the valves shown 
in Table 2 and used at Carnarvon station. 


Valve type C.A.T.1. 


Average anode current per valve = 0-855 ampere. 
Average anode d c. voltage — 8 550. 


Life at end of 
June 1927, 
Serial No. Hours 

220 .. s $^ .. 3200 
221 5317 
246 3 001 
245 2 847 
256 3 001 
247 3 001 
212 3 285 (spare) 
223 .. T - 3 573 
204 F.B.O. May.. 5 729 
219 Soft. April 5 164 
217 .. oe 6 163 
203 .. V us 3 513 
213 F.B.O. April.. 56311 
211 .. zu T 6 188 
202 F.B.O. April .. 5 204 
216 F.B.O. January 4 050 


If these are plotted they will be found to give the 
normal beginning of a survivor curve. 

Dr. Hansford suggests that it is desirable to develop a 
valve having a much increased filament emission and 
capable of giving a satisfactory life at a low anode 
voltage. Normally this means running a valve at 
reduced power, without any compensating increase in 
efficiency or life, such as can be obtained by main- 
taining the anode voltage and reducing the anode 
current. 

With a few exceptions Mr. Gossling is correct in 
stating that radiation-cooled valves are limited bv their 
cathodes when used for telegraph work, but on wireless 
telephone work the nickel-anode valves are limited by 
the anode loss. 

In reply to Mr. Mullard’s observations anent conser- 
vative ratings, on page 802 I state that ‘‘ The lives of 
the transmitting valves used in military, aeroplane and 
portable sets, and sets for intermittent use generally, 
are of secondary importance. Weight, size, economy 
of filament power and an anode voltage capable of being 
supplied by small, robust d.c. generators, are of primary 
importance." The conservative rating is recommended 
mainly for commercial wireless stations and the like. 


Mr. Kirke mentions a reasonable efficiency with a 
ratio of 34 to 1. Is the efficiency of the order of 80 
per cent, which is easily obtained with a ratio of 5 to 1, 
and is the ratio that of peak space current to mean 
anode current, that is, taking grid current into account ? 
If the ratio of peak anode current to mean anode current 
is intended, 34 to 1 is much the same as 5 to 1 when 
taking the ratio of peak space current to mean anode 
current. 

Dr. Drane has given a very interesting survey of the 
possibilities of the three general tvpes of valves described. 
It is of course agreed that in some situations and cir- 
cumstances radiation cooling is more desirable than 
liquid cooling, but I take exception to the general 
statement that air is ' more simple and desirable to 
manipulate than is a water supply, especially in the 
neighbourhood of high-tension gear." Firstly, the 
liquid-cooled anode valve is not limited to water as a 
cooling medium; oil is used successfully for anode 
cooling, and oil has been a common adjunct of high-ten- 
sion gear for many years. Wateritself, however, presents 
no great difficulty. If a small-power valve set is con- 
sidered where the air is circulated automatically by the 
radiation from the valve, then it is simple. However, 
when large powers have to be dissipated by means of 
hot air the apparatus becomes rather more complex. 
An adequate supply of cold air, which should be more 
or less dust- and damp-free, machinery for circulating 
this air, and the disposing of the hot air, may not be 
difficult, but certainly the primal simplicity has gone. 
It is calculated that a station working with 100 kW 
input to the valves would require 5 000 cubic feet of air 
per minute without special ventilating flues, or 1 500 
cubic feet per minute with such flues. In regard to 
cost, Dr. Drane has introduced the question of repair 
of valves. He has assumed that cooled-anode valves 
cannot be repaired. The cooled-anode valve can be 
repaired. Valve No. 256 shown on the Carnarvon valve 
report on page 811 is an example. This valve was 
damaged internally during an experiment on grid 
bombardment. The grid was heated sufficiently to 
emit and, as the bombardment was with alternating 
current, back bombardment of the filament system 
resulted in the fusing of the molybdenum filament 
support. The valve was opened up and repaired, and 
is still in operation, 3 001 working hours after repair. 
Many other valves have been treated similarly. 
Whether the repair of valves is economical or not depends 
on manv factors, amongst which are the values of the 
electrodes and the envelope. If the envelope is costly, 
repair work may conceivably be economical. If the 
envelope is of little value, the reverse may be the case. 
However, if the repair of silica valves is to be considered 
in regard to their cost, then the value of the salved 
electrodes should be considered in the case of the cooled- 
anode valves. 

Fragility would presumably be more nearlv equal as 
between the silica and cooled-anode valves if the pro- 
jections to the various seals in the silica valve were 
eliminated. This could be done if the lead seal were 
superseded by one using only, say, tungsten with inter- 
mediate glasses. One had rather expected the incor- 
poration of such a seal in silica valves by this time. 
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In regard to X-rays, the glass used in the envelopes 
of the valves which I have described is lead glass, of 
about 30 per cent lead content. My remarks regarding 
X-rays were based on some quantitative measurements 
on valves with envelopes made of the harder glasses 
(boro silicate) mentioned by Dr. Drane. Having pre- 
viously made tests on photographic plates using ex- 
posures of the order of 1 hour, it was thought desirable 
to have more accurate measurements. An ionometer 
was used. The results could therefore be expressed in 
terms of y radiation from definite quantities of radium, 
and the proportions of rays of different penetrating 
powers were measured. The volume of radiation corre- 
sponded, at a supply voltage of 10 kV, to 20 mg of 
radium for each ampere of mean anode current, at 12 
kV to 50 mg, and at 15 kV to about 100 mg. The 
majority of the radiation was found, quite unexpectedly, 
to have a penetrating power corresponding in each case 
to nearly twice the supply voltage mentioned. I am 
advised that such quantities of radiation of such quality 
are definitely not negligible, particularly in installations 
continuously working at high power. As regards pro- 
tection, the larger the installation the less is the effect 
of increased distance, and the greater the difficulty of 
combining screening and ventilation. 

Mr. Hughes does not agree with Dr. Drane in regard to 
the relative costs of silica and cooled-anode valves. In 
comparing valves it is not sufficient to take into account 
only the power handled per valve; the rating must 
also be considered. Comparable valves should have the 
same life expectation at the same power per valve. 
My remarks regarding cost of silica valves are based on 
the experience of the Marconi Company and of some of 
its associated companies. 

Mr. Hughes objects to the statement in the paper 
that the liquid-cooled-anode valve has overcome the 
power limitations met with in radiation-cooled valves, 
and then he proceeds to instance in support of his 
argument a liquid-cooled-anode valve with spiral tubular 
anode in a silica container. 


He assumes that points do not necessarily give dis- 
charges and that the discharges are harmless if they occur. 
On the first point he is right, but so long as this subject 
is obscure, as at present, it is well to be careful. On the 
second point I do not agree; the steadv, weak dis- 
charges he mentions are possibly harmless, but all 
Observers are agreed that they are often accompanied bv 
heavier discharges. In installations of great power such 
discharges, whatever their cause, may interrupt traffic, 
even though they do not soften valves. 

No serious difficulties and no apparent limitations 
present themselves in the development of cooled-anode 
valves, in which the anode forms part of the envelope, 
for power inputs exceeding 100 kW. Experiments have 
shown that valves can be built to handle 100 kW as 
efficiently, and with as long a life expectation, as an 
input of 10 to 15 kW is handled by valves of the 
C.A.T.1 type. The development of cooled-anode valves 
capable of handling still higher powers is only a question 
of time. 

Answering Mr. Faulkner, the characteristic curves 
beyond about 2 amperes anode current are extrapolated 
according to the 3/2 power law. Peak voltmeter 
readings on valves in actual use show very good agree- 
ment with these extrapolated values. With reference 
to Mr. Faulkner's remarks regarding modulation, his 
assumption would be approximatelv accurate if the 
magnifier valves in both cases operated at the same 
efficiency. This is, however, not the case, the magnifi- 
cation of the modulated high frequency being at a 
much lower efficiency than is the high-frequency magni- 
fication with anode-voltage modulation. If full modula- 
tion is required with quality, as for broadcast services, 
the number of valves in each case is approximately the 
same. 

Mr. Grant foreshadows the use of valves for commercial 
purposes other than wireless. Undoubtedly there will 
be very large development in this direction within the 
next few years. The instrument is available now. It 
only awaits application. 
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THE ROTARY-CONVERTOR AUTOMATIC SUBSTATION.* 
By F. J. LANE, M.Sc., Student. 


(ABSTRACT of a Paper reed before the SoUTH MIDLAND STUDENTS’ SECTION Ist December, and before the LONDON STUDENTS’ 
SECTION llik December, 1925.) 


INTRODUCTION. 


The automatic substation for starting-up, running 
and controlling electrical machines without attendance 
and supervision, has been evolved only within the last 
15 years. In pre-war days the prevailing rates of pay 
for operators were low, and staff expenses were not heavy 
in comparison with the running costs, so that automatic 
gear was not in great demand. But as these expenses 
increased during the war period, there arose a need for 
a substation which, if not completely automatic, should 
at least be capable of such remote control as would allow 
a number of units at different points in the system to be 
operated from a central station. As a result, the 
operating devices have been so perfected as to bring 
the automatic substation to a very high standard of 
reliability, and up to the present time no operating 
conditions have been encountered that could not be 
controlled by automatic gear. The rotary-convertor 
automatic substation has been selected for discussion, 
as it is typical as regards both the difficulties that present 
themselves and the way in which they have been 
Overcome. 

The main requirements of the substation from the 
respective view-points of the machine, the system and 
the voltage control, are first considered. One method 
only by which these requirements are fulfilled is described, 
and the operation is illustrated by means of a simplified 
diagram. 


GENERAL. 


In practice, each individual substation would have 
to be considered on the lines of its particular require- 
ments with regard to type of load, locality, and location 
on the system. 


STARTING-UP. 


Where the load demand on the substation begins and 
ends at certain well-defined times, and during the demand 
period is subject to no very great fluctuations, the 
machine should come into operation when the load on 
that section of the system has exceeded a predetermined 
value for a short, but definite, period of time. Such 
conditions are found in industrial power, lighting, and 
American interurban railway services, and the sub- 
station equipment could be completely automatic. 

For railway operation in this country it has become 
more convenient to employ a few manually-operated 
substations to carry the normal load, and by means of 
remote-control switches in these stations to bring the 

€ A Student's Premium was awarded by the Council for this paper, and it is 


the practice of the Council in such cases to publish the paper, in full or in 
abstract, in the Journai. 


automatic units into operation only during the peak-load 
periods. 

The two chief methods that are available for starting 
the machine are both effected from the a.c. side and 
are :— 


(1) By means of tappings in the power transformer, 
and 
(2) By means of a pony induction motor. 


While the first method has the advantage of smaller 
cost and less floor space, the second method requires a 
lower starting current, has no sparking trouble (thus 
allowing the brush-gear to be quite rigid), and gives a 
definite polarity. The starting motor gives a good 
torque without in any way detracting from either the 
synchronizing torque or the damping effect of the 
grids. 

From the point of view of automatic operation, the 
tap-starting method introduces complexity by requiring 
a device for raising the brush-gear, and a change-over 
field switch for reversing the polarity if necessary. 


PARALLELING. 


When the machine has been run up and is ready for 
paralleling on to the busbars, two conditions must be 
fulfilled :— 


(1) The polarity must be correct, and 
(2) The voltage on the machine should be equal to, 
or a little greater than, the line voltage. 


SHUTTING Down. 


It is uneconomical to run the machine at less than 
20 per cent of full load, and it should therefore be shut 
down after a sustained underload. A remote-control 
or time switch would shut down the machine immediately 
the necessary period of operation is over. 


VOLTAGE CONTROL. 


l For traction work, sufficient voltage compensation 
is usually obtained by compounding the field system of 
the machine. Fora lighting load, the voltage variation 
from normal is limited to a small percentage by the 
Board of Trade. This means not only that the line 
voltage must remain steady, but also that the machine 
voltage must be raised with the load to compensate 
for feeder drop. There is, however, a limit to the 
permissible rise of load, and so continuity of service 
requires that, when the overload becomes too great, 
the voltage on the machine should be reduced until the 
load falls below the safe limit. 
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FAULTS. 

Discrimination is required in protecting against 
faults. When any serious trouble occurs, the machine 
should be shut down, but if the fault is only temporary 
a re-start should be permitted as soon as normal 
conditions are restored. 


RELAYS. 


For a substation to operate accurately, it is necessary 
that the individual relays shall be very reliable. Three 
of the types that have been developed are :— 


The plunger type, 
The attracted-armature type, and 
That which utilizes the bending produced by the 
unequal expansion of an electrically-heated bimetal- 
lic strip. 
Time delay may be obtained in the action of a relay 
by many different means, such as oil dashpot, air vanes, 
or the heating and cooling of a bimetallic strip. 


OPERATION OF AN AUTOMATIC SUBSTATION. 


The equipment to be described is for a rotary con- 
vertor with reactance voltage control. The a.c. supply 
is three-phase high-tension, and the d.c. system to be 
supplied is assumed to be a 3-wire lighting distribution. 

An oil circuit-breaker controls the supply to the 
main power transformer, and the secondary of this 
transformer is connected to the starting motor and 
main slip-rings, as shown in the simplified “ one-line ”’ 
diagram. A belt- or chain-driven exciter supplies the 
power for the d.c. control circuits and the auxiliary 
convertor field. The main field is shunt-connected. 
A single-phase “control” transformer supplies the 
a.c. control circuits. 

Correct sequence of switching is ensured by means of 
a motor-operated master controller. A cylindrical 
drum, driven through reduction gearing by means of 
a small a.c. commutator motor, carries on its exterior 
a number of circumferential contact strips. These 
strips have corresponding fixed contact fingers, and are 
interconnected in such a way that the various control 
circuits are closed and opened in one definite sequence 
only. On the diagram this controller is shown as a 
pointer moving counter-clockwise, and indicating, as it 
arrives at each segment, that part of the sequence 
which takes place there. Arrow-headed lines represent 
controls and interlocks, and the direction of the arrow- 
head shows the direction of the sequence. 

For all relays except beam relays and the synchronism- 
indicating relay, '' normal position ’’ may be defined as 
that position which is favourable to starting-up or 
running the substation. This is not necessarily the 
unenergized position. 

In order that the substation may be ready for opera- 
tion, the control switch must be closed; everything 
else awaits the master starting element. In this particu- 
lar substation the master starting element is a contact- 
making voltmeter operated bv load demand ; when the 
line voltage falls to a predetermined value this relay 
immediately energizes the time-delay starting relay, 
provided that (the a.c. control voltage being above 


80 per cent of normal) the a.c. under-voltage relay has 
picked up. The time delay is usually 2 minutes, and 
prevents the machine from starting up in the event 
of a momentary overload on the line. At the end of 
this time delay, nothing further can happen unless 
the protective devices and the timing relavs between 
the starting relay and the master contactor are in the 
normal position. By this it is ensured that all three 
phases of the a.c. main supply are energized, that the 
station has not previously shut down due to a fault, 
and that, in this particular case, the d.c. busbars are 
not dead. The controller drum must also be in the 
“ off ’’ position, and, if it is not so, it will first run round 
to that position, being energized through a normally 
closed interlock on the master contactor. Subject to 
these conditions being fulfilled, the master contactor 
will close and the motor-operated controller begins to 
rotate for sequence. 

At the first position ''a"' the oil circuit-breaker is 
closed, energizing the power transformer and starting 
up the set by means of the induction motor. The voltage 
across the d.c. exciter builds up as the speed increases, 
and the auxiliary field is energized when, at '' b," the 
auxiliary field contactor is closed. 

When the exciter voltage has risen to about 75 per 
cent of normal, the main field circuit is closed through 
the '' synchronous field position ’’ on the motor-operated 
rheostat. (This position is determined by test, and is 
the one which gives the least final voltage across the 
starting motor.) At the same time, the rheostat motor 
begins to run to the '' all-in ” position, if it is not already 
there. 

The ''synchronizing " relay is connected across one 
phase of the starting motor and, unless it '' picks up," 
the master controller stops at ''c," and eventually the 
station would be shut down by the sequence timing 
relay. If the synchronizing relay operates correctly, the 
controller continues to '' d," where the neutral contactor 
is closed and synchronizing is awaited. 

As the machine pulls into synchronism the voltage 
across the starting motor falls rapidly ; at about one- 
third of full voltage the synchronizing relay begins to 
drop out and, after a time delay of 3 to 5 seconds, 
indicates that the sequence may proceed. 

The controller runs to position ''e," where the 
“running” contactor is closed to short-circuit the 
starting motor. The main field also is now connected 
to the moving arm of its rheostat and is disconnected 
from the '' synchronous field position.”’ 

At '"f" the "auxiliary field " contactor is opened, 
thus preventing the possibility of reversal of polarity 
of the exciter by a short-circuit of the convertor. 

At “g” the controller awaits the operation of the 
voltage-equalizing relay. 

Equalization of the line voltage and machine voltage 
really begins when the “running” contactor closes 
and after the rheostat arm has reached the “ all-in” 
position. The relay is of the '' balanced beam ” type 
with one coil across the busbars and the other across the 
machine. The rheostat begins to run towards the 
“all-out ” position, raising the voltage on the machine 
until about 5 per cent above the line voltage, when the 
“ machine coil " of the relay pulls the beam over. The 
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controller has already arrived at ‘‘ g’’ and the high-speed 
breakers now close, connecting the machine to the line. 
At “h ” the reverse-power and underload relay comes 
into operation. The controller stops at “j” in the 
“ running position ” by breaking its own circuit. 
Thus the machine is now running and supplying 
power to the d.c. mains. 


POLARITY CHECK. 


A polarity check when paralleling is unnecessary 
owing to the combined effect of the starting motor and 
auxiliary field, but a polarity relay is included in the 
equipment for a different purpose. When a short- 
circuit occurs, the machine may slip a pole, thus reversing 
its polarity. Some check is therefore necessary before 
the breakers re-close. If the polarity were found to be 
wrong, the station would be shut down to go through 
the whole of the starting operations again, involving the 
use of the auxiliary field to correct the trouble. 


PROTECTION. 


The two circuit breakers are so interlocked that they 
drop out together if one trips on overload. Repeated 
attempts to reclose are made after short time-delays, 
but, if the overload persists, the notching relay shuts 
down and locks out the substation after not more than 
six such attempts. 

When a fault occurs, the machine is always shut 
down by opening the coil circuit of the master contactor. 
This may be done— 


(a) Directly, as in the case of a.c. under-voltage, 
failure of one phase of supply, overspeed, hot 
machine windings, hot bearings, hot starting 
motor, a.c. overload and leakage, or d.c. under- 
voltage, reverse power or earth leakage ; or 

(b) Indirectly: (1) by sequence timing relay (for 
instance, failure of d.c. control supply would 
cause the breakers to drop out, closing the 
circuit of the sequence timing relay) ; (2) by the 
underload timing relay. 


VOLTAGE CONTROL. 


After the paralleling operation, the voltage is main- 
tained approximately constant by adjustment of the 
field rheostat, the movement of which is controlled by 
a relay connected across the line. The relay may have 
an additional current coil to have a '' compounding ” 
action and produce a rising characteristic with load. 


DOUBLE-UNIT OPERATION. 


Where two machines are to run together in the same 
substation, arrangements may be made so that the second 
machine starts when the first one experiences a sustained 
overload. The second unit is shut down again as soon 
as the load can be safely dealt with by one machine. 
Failure of the first machine to start properly, causes the 
second to start and take the load. "Voltage control of 
both machines when running together is effected by the 
" voltage control” relay of the first unit. The order 
of starting is interchangeable. 


ADVANTAGES OF AUTOMATIC CONTROL. 


The greatest advantage is the absence of what may be 
termed the “ human element.” 

However skilled a man may be, there is always the 
danger that he may at some time cause serious damage 
by faulty switching. He may be attentive to the load 
on the system, but he cannot respond readily and accu- 
rately to the load demands. Regulation of voltage is 
entirely under his control, and therefore unsteady. 

Economic conditions render it necessary that several 
units should be together in one substation in order to 
keep three shifts of men fully employed. The operator's 
wages and the cost of power required for heating and 
lighting increase the running expenses; the design of 
the building has to be varied for his convenience; and 
the climatic conditions have to be considered with regard 
to his health. On an extensive railway system the 
substation may have to be in the open country, miles 
away from the nearest town, and the operators’ families 
would have to be provided with housing accommodation, 
water supply, and perhaps special privileges with regard 
to travelling and carriage of goods. 

None of these troubles need be encountered in the 
automatic substation. The sequence of operations is 
quite definite and stops immediately any trouble occurs. 
The requisite load demand obtains a response, with 
simply a short time-delay for safety, and the station 
closes down as soon as that demand ceases. This gives 
a high overall efficiency for the station. In this connec- 
tion it should be noticed that the ordinary rotary 
convertor can be started up and put into service with no 
greater consumption of power than would be required 
to run it at no-load for 2 minutes. If, therefore, the 
service conditions are such as to demand power for 20 
to 30 minutes only during each hour, the saving of 
energy is considerable. 

Where the starting method is by remote control, the 
whole series of operations from starting to paralleling 
is reduced to the simple closing of a small switch. 

It is no longer necessary to place several units in one 
substation, as, where sites are comparatively easy to 
obtain, each unit may be placed where it is required. 
Staff expenses are cut down to a minimum ; all that is 
required is that a visit should be paid to the substation 
at regular intervals—say once a week—by an inspector. 

Fault conditions are detected without delay, and the 
danger of a continuous overload is removed. 

Where operation-counters are fitted to the circuit 
breakers and line contactors, an accurate statement of 
the demands on the substation can easily be obtained. 

The rotary-convertor automatic substation is, there- 
fore, deservedly superseding the manually-operated 
station from the point of view of both cost and reliability, 
and there is no doubt that the prejudice which still 
exists in some quarters against automatic gear will be 
removed completely whenever the two methods are 
fairly and fearlessly compared. 

The author desires to thank the British Thomson- 
Houston Co., Ltd., for assistance with certain porticns 
of the paper, and for permission to use a large number 
of lantern slides. 
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Council for the Year 1927-1928. 


The scrutineers appointed at the Ordinary Meeting 
held on the 7th April, 1927, have reported to the 
President that 554 ballot papers were returned, of 
which 46 were spoiled, and that the result of the ballot 
to fill the vacancies which will occur in the Council on 
the 30th September next is as follows :— 


President : Mr. A. Page. 
Vice-President : Captain J. M. Donaldson, M.C. 


Hon. Treasurer : Lieut.-Colonel F. A. Cortez Leigh, 
T.D., R.E. 


Ordinary Members of Council : (Members) Mr. J. R. 
Beard, M.Sc., Major B. Binyon, O.B.E., M.A., Mr. P. V. 
Hunter, C.B.E., Mr. H. Marryat; (Associate Member) 
Mr. H. T. Young ; (Associate) Mr. D. N. Dunlop. 


The ballot on this occasion was purely formal, no 
nominations other than those made by the Council 
having been received. 

The Council for the year 1927-28 will therefore be 
constituted as follows :— 


President. 
A. Page. 


The Past=Presidents. 


Charles P. Sparks, C.B.E. 
Roger T. Smith. 

Ll. B. Atkinson. 

J. S. Highfield. 


Alexander Siemens. 

Colonel R. E. Crompton, 
C.B. 

James Swinburne, F.R.S. 


Sir R. T. Glazebrook, F. Gill, O.B.E. 

K.C.B., D.Sc., F.R.S. A. Russell, M.A., D.Sc,, 
W. M. Mordey. LL.D., F.R.S. 
S. Z. de Ferranti, D.Sc., W. B. Woodhouse. 

F.R.S. R. A. Chattock. 


Sir John Snell, G.B.E. W. H. Eccles, D.Sc., F.R.S. 


Vices Presidents., 
Captain J. M. Donaldson, Col. T. F. Purves, O.B.E. 
M.C. Prof. W. M. Thornton, 
Lieut.-Col. K. Edgcumbe, O.B.E., D.Sc. 
R.E. (T.A.). 


Honorary Treasurer, 
Lieut.-Col. F. A. Cortez Leigh, T.D., R.E. 


Ordinary Members of Council. 


J. R. Beard, M.Sc. 
Major B. Binyon, O.B.E., 


H. Marryat. 
R. W. Paul. 


M.A. A. H. Railing, D.Eng. 
A. C. Cramb. C. Rodgers, O.B.E., B.Sc., 
F. W. Crawter. B.Eng. 
D. N. Dunlop. Prof. S. Parker Smith, 
Prof. C. L. Fortescue, D.Sc. 
O.B.E., M.A. A. J. Stubbs. 
Major E. O. Henrici, R.E., J. W. T. Walsh, M.A., 
(Ret.). D.Sc. 
P. V. Hunter, C.B.E. S. J. Watson. 
E. Leete. H. T. Young. 


And 


the Chairman and immediate Past-Chairman of each 
Local Centre. 


Students’ Premiums. 


The Council have awarded the following Students’ 
Premiums for papers read before the Students’ Sections 
during the past session :— 


Premiums of the Value of £10 each. 


Author Title of Paper Where read 
W. A. Cook, “High-Voltage Insula- Newcastle 
B.Sc. tion: Choice of Mate- 


rials and Design ” 


J. Eccres, B.Sc. “Notes on the Starting Glasgow 
(Eng.) and General Perfor- 
mance of Rotary Con- 
vertors ” 
F. I. Ray “ Automatic Telephony " London 
J. A. SUMNER “Electrical Supply for Manchester 
Rural and Agricultural 
Districts ” 
Premiums of the Value of £5 each. 
G. P. BARNARD “The Selenium Cell in London 
Theory and Practice ” 
S. B. JACKSON “ Propulsion of Ships Newcastle 
by Electricity ” 
S. N. Ray, M.Sc. '' Electrons in Solid Con- London 
ductors "' 
D. H. Wnirrs, “ Oscillographs ” Liverpool 


B.Eng. 
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International CORES DI Physics, September, 


The official ''Proceedings" of the International 
Congress of Physics, which is to be held in September, 
at Como, Italv, in connection with the Volta Com- 
memoration, will be published by Messrs. Zanichelli, of 
Bologna, Italy. The Proceedings will comprise at 
least 800 pages and will contain the papers in one of 
the four official languages of the Congress, namely, 
English, French, German, or Italian. 

The price of the publication has not yet been fixed, 
but wil probably not exceed 120 Italian lire. Sub- 
scribers to a scientific journal in any country will be 
entitled to a special discount of 25 per cent off the 
published price of the Proceedings, provided that their 
order is received before the 31st August by the pub- 
lishers of the journal to which they subscribe. 


The Benevolent Fund. 


The following is a list of the Donations and Annual 
Subscriptions received during the period 26 June- 
25 July, 1927 :— 

£ 


Uu 


i: 
onnranawoan aca a a: 


Amis, F. J. (W nd cd 
Anonymous 
Anonymous... i 
Arbuckle, Q. (Bradford) 
Armstrong, R. B. (London) 
Ashlin, F. J. W. (Birmingham) 
Blazey, N. C. (Rangoon) 
Brumwell, W. (Parkstone) 
Bryant, G. H. (Antwerp) ES "S s 
Calogreedy, H. C. (Ecuador) . : Grae A 
Catterson-Smith, J. K. (Bangalore) esc | 
Clinker, R. C. (Rugby) ed 
Comino, D. J. (London) 
* Annual Gubseriptions. 


* * 


* 


COooOoccococoooootZ 


“ Contributor ” 

Curd, D. A. G. (Plymouth) 

de Oliveira, A. C. (Rio de Janeiro) 
Dibben, E. (Bombay) .. 

Dunn, P. R. (Bombay) 


t t 
- Uu 


OIsnaanQooawWmWoonanaeoawmoannoeoa@anoaa ar aoea@m ca ann: 


‘Edgar, F. J. (London) 


Ellis, A. G. (Bowden) 
Ford, C. R. (London) 
Francis, L. B. (Shanghai) 
Glen, J. B. (North Shields) .. 
Gothard, B. W. (Farnborough) 
Goward, A. (Accrington) 
Griffin, J. G. (St. Albans) 
Haley, W. E. (Shipley) 
Holland, A. E. (Hull) ‘ 
Johnson, T. M. (Birkenhead) .. 
jones, C. H. (Colombo) 
Keating, A. E. (Leeds) 
Lawson, F. A. (London) 
Lewis, T. E. (Cardiff) .. 
Mather, J. (York) 
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(Paper first received 22nd December, 1926, and in final form 18th February, 1927; read before THE INSTITUTION 31st March, 
before the NORTH-EASTERN CENTRE 11th April, and before the SouTH MIDLAND CENTRE 13th April, 1927.) 


INTRODUCTION. 


This paper surveys the applications of electricity in 
warships and presents a general review of the subject. 
Space does not permit of any particular phase being 
investigated in considerable detail, whilst certain items 
of technical research are left untouched or undeveloped 
on account of their confidential nature. 

The paper consists of two parts, subdivided as 
follows :— 


Part I. General. 


Types of warships. 
Historical survey of electrical development, and the 
Washington Treaty. 


Part II. Applications. 
Special problems in naval electrical engineering. 
Type of supply (alternating or direct current). 
System of distribution. 
Branches of electrical work. 
Machinery. 
Lighting. 
Searchlights. 
Heating, cooking and baking. 
Cables. 
Insulating materials. 
Secondary batteries. 
Submarine problems. | 
Wireless telegraphy and telephony. 
Fire control, torpedo control, telephones, and miscel- 
laneous low-power apparatus. 
Electric propulsion. 
Miscellaneous. 
Conclusion. 


Part I. GENERAL. 


TYPES OF WARSHIPS. 


The development of present-day warships may be 
retraced through a succession of types to the Grecian 
Homeric age, 1.e. about 1000 B.c.; the gradual evolution 
of oared ships of war from this period through the 
Grecian, Phcenician and Persian merchant and war craft 
may be observed through stages such as the Roman 
trireme with its three decks of oars to the war galley 
type of craft, which about a.p. 840 took part in the 
earliest English naval engagements. These were suc- 
ceeded by more elaborate ships using oars and/or sails. 

A succession of revolutionary changes came during 
the nineteenth century. These were, in historic order, 
steam (about 1837), the screw propeller (1845), explosive 
shell (1858), iron ships (1860), gun turrets (about 1860), 


electricity (1874), steel armour plate (about 1895), and, 
in 1905, the building of the ''Dreadnought," which 
crystallized all the lessons of the previous century of 
change and was the prototype of the modern battleship. 

Modern warships may be divided into types, and each 
type into classes. The main types are battleships, 
battle cruisers, cruisers, aircraft carriers, destroyers and 
submarines. 

The battleship is a floating fortress. She is heavily 
armoured, and carries the most powerful guns, speed 
being secondary. The “‘ Iron Duke," the flagship of the 
Grand Fleet during the early part of the war of 1914-18, 
was designed for 21 knots, and 29000 s.h.p. (shaft 
horse-power). 

Battle cruisers are ships having the armament of 
battleships, but in which armouring is sacrificed to 
speed. The battle cruiser ‘‘ Hood” has a designed 
speed of 31 knots with 144 000 s.h.p. 

The cruiser is of smaller displacement than the battle- 
ship, lightly armoured, and designed for high speed, e.g. 
“ Emerald ” of 7 600 tons, 33 knots and 80 000 s.h.p. 

The aircraft carrier has resulted from the use of the 
aeroplane in naval warfare. ‘‘ Lexington " and '' Sara- 
toga," the new aircraft carriers of the United States 
Navy, have turbo-electric propelling machinery develop- 
ing a speed of about 35 knots and 180 000 s.h.p., equiva- 
lent to the output of a modern super-power station. 

The destroyer is smaller than the cruiser, designed for 
high speed and, in the main, for torpedo warfare, with, 
say, a displacement of 1 300 tons, speed about 34 knots, 
and 27 000 s.h.p. 

Submarines are capable of being propelled either on 
or below the surface of the water. Since their first 
introduction, submarines have continuously increased in 
size, speed and fighting power. 

Auxiliary warships include depot ships, repair ships, 
monitors, minelayers, coastal motor boats, river gunboats, 
sloops and hospital ships. 


HISTORICAL SURVEY OF ELECTRICAL DEVELOPMENT. 


Electricity in the British Navy dates from 1874, when 
an electrical device was first employed for firing guns. 
Pile batteries were used, consisting of about 160 elements 
of alternate copper and zinc plates separated by fear- 
nought (a kind of flannel) dipped in a mixture of vinegar, 
salt and water. This was a high-tension circuit and, 
owing to various troubles, was soon replaced by a low- 
tension circuit employing Leclanché cells in series- 
parallel grouping, six cells being in series. Complete 
wire circuits were fitted from 1874 to 1881, when an 
earth return was used. The earth return has been 
retained for gun-firing circuits to this day. 
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In 1879, the discharge of torpedoes was effected from 
an observing and directing station remote from the 
torpedo itself, an electrical device being fitted for the 
first time. 

The searchlight was the next electrical device to 
establish itself on board ship. From 1874, experiments 
had been proceeding, notably those carried out at 
Portsmouth by Mr. H. Wilde, F.R.S., of Manchester, 
on board the gunboat “ Comet.” In that year the 
Admiralty Torpedo Committee, reporting on '' Wilde's 
Electric Light," made the following statement, which is 
very interesting, considering that it is dated more than 
half a century ago :— 


“ When used in combination with the dioptric 
projector, it throws a strong beam of light to the 
distance of rather more than a mile, by means of which 
an object of the size of a launch, if of light colour, can 
be readily distinguished, and a similar object, if of a 
dark colour, at a distance of about three-quarters of 
a mile.” 


These experiments culminated in a complete search- 
light installation being fitted in 1876 in H.M.S. Mino- 
taur. A Wilde alternator was used, the field being 
produced by 32 fixed electromagnets arranged axially 
round a flywheel type of rotor carrying 16 double coils. 
Part of the rotor circuit was connected to a commutator 
for supplying current to the field windings. The 
generator was belt-driven at 400 r.p.m. from an auxiliary 
pumping engine. The searchlight also was of very crude 
design. The carbons were square in section, fixed 
vertically, and adjusted by hand-operated mechanism. 
The beam was obtained by means of a dioptric lens and 
a hemispherical reflector. 

Considerable development in searchlight design took 
place during the next three years, and in 1879 a compre- 
hensive series of experiments was carried out by the 
Royal Engineers at Chatham to determine the most 
suitable searchlight equipment for military purposes. 
The Admiralty provided certain apparatus for inclusion 
in the trials, the results of which demonstrated the great 
advantages of an inclined hand-operated lamp and 
Mangin projector, the Mangin mirror displacing the 
dioptric lens. 

H.M.S. Inflexible was fitted with the new type 
searchlights, the supply being taken from a direct-current 
Gramme machine. It was in this ship that in 1881 the 
first electric lighting installation was fitted. Both arc 
and incandescent lamps were used, the supply being 
taken from Brush dynamos at 800 volts. The Swan 
incandescent lamps were arranged in series-parallel 
grouping, with 18 lamps in series. A similar grouping 
system was adopted for the arc lamps. Every lamp had 
a substitutional resistance, which automatically took the 
place of the lamp when the latter failed. As one would 
now anticipate, £uch a system was not satisfactory, and 
eventually a much lower voltage was adopted. In the 
early 'eighties, five Indian troopships were equipped with 
two Edison-Hopkinson type dynamos, the lighting 
pressure being 110 volts, and “ Polyphemus” and 
** Colossus ” were equipped with a lighting supply having 
a pressure of 80 volts. This latter pressure was then 


standardized, and electric lighting was adopted generally 
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for warships. H.M.S. Polyphemus was the only 
warship in which an earth return for the lighting supply 
was used. The earth-return system in that ship was 
replaced later by a complete wire circuit, for reasons of 
reliability and safety. 

A first-class ship of that period had three dynamos of 
180-200 amperes at 80 volts. Under battle-action 
conditions one dynamo was capable of supplying the 
necessary lighting, leaving the other two dynamos for 
supplying the searchlights. The dynamos were inde- 
pendent of one another, although the switchboards were 
arranged to enable any one dynamo to supply, if 
necessary, any of the three groups of circuits. 

The first cables used were rubber-insulated, with a 
serving of cotton tape or braiding and coated with a 
preservative composition. The cables were run in teak 
casings and embedded in putty; but trouble was 
experienced owing to damp and heat. Lead-sheathed 
cables were then tried, the rubber insulation being 
replaced by four layers of jute yarns: this also proved 
unsatisfactory, owing to the lead cracking and the jute 
deteriorating. Rubber-insulated cable with a lead 
covering was then given a trial. This was a great 
improvement and was adopted as the standard cable 
for ship wiring. 

About the beginning of the present century the low 
pressure of 80 volts was increased to 100 volts, and 
electricity began to find increasing favour for power 
purposes as well as for lighting. The electric motor was 
gradually adopted for many uses in place of the steam 
engine. Power requirements soon made desirable a 
further increase in the pressure of supply, and, after 
much discussion, direct current at a pressure of 220 volts 
was adopted as a new standard for the larger British 
warships, the first ships using 220 volts being '' Defence ” 
(1905-8) and “ Invincible " class (1906-8). At that time 
the pressure of 220 volts was considered by several naval 
officers and eminent electrical engineers to be dangerously 
high for warship purposes, but the past 22 years’ expen- 
ence has demonstrated the fallacy of this view. 
“ Defence " and “ Invincible " class were also the first 
ships in which a complete '' ring main ” system of distribu- 
tion was employed, although parallel running of dynamos 
had already been used in ships built after 1904. 

Probably the years 1904-6, with the adoption of 
220 volts, the ring-main system, and parallel running of 
dynamos, may be taken as the beginning of modern 
electrical development in the British Navy. Since then, 
the applications of electricity have advanced in vanety 
concurrently with those on shore; and the electrical 
installation of. a warship to-day embraces most of the 
modern uses of electricity. The curves given in Fig. 1 
show the growth of electrical developments in warships 
of the British Navy during the years 1887 to 1920. 
The rapid progress since the years 1904—6 is clearly 
indicated, and the growth to-day is greater than at any 
period in the history of naval electrical engineering. 

Whilst the purely engineering aspect of warship 
electrical installations is of intense interest, it is well to 
keep in view that the supreme consideration over- 
shadowing all others, and the criterion by which success 
or failure must be judged, is their influence on the 
ultimate fighting capacity of the ship. 
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Ihe Washington T*reaty.—Even a brief historical 
survey would not be complete without mention of the 
far-reaching effects the Washington Treaty has had on 
electrical developments in warships equally with other 
branches of naval service. As the Treaty will be opera- 
tive until the 31st December, 1930, or later, it is well to 
recall what, in the main, the terms were. 

The Washington Treaty was signed on the 6th Febru- 
ary, 1922, as a result of a '' Conference on Limitation of 
Armaments,” the contracting Powers being the British 
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Empire, the United States of America, France, Italy 
and Japan. 

In the first place, the Washington Treaty limits the 
standard displacement and the size of gun of all types of 


TABLE 1. 


Maximum Total Tonnage Allowed. 


Country Capital ships Aircraft carriers 
tons tons 
British Empire .. 525 000 135 000 
U.S.A. i 525 000 135 000 
France 175 000 60 000 
Italy 175 000 60 000 
Japan 315 000 81 000 
warships. Apart from a capital ship or aircraft carrier, 


no vessel of war must exceed 10 000 tons standard 
displacement. For capital ships the maximum standard 
displacement laid down is 35 000 tons, and for aircraft 
carriers 27 000 tons, except that the contracting Powers 


may each build two aircraft carriers of 33 000 tons. By 
“ standard displacement " of a ship is meant the dis- 
placement of the ship complete, fully manned, engined 
and equipped ready for sea, including everything in- 
tended to be carried in war, but not including fuel 
and reserve feed water. 

The number of capital ships and aircraft carriers was 
limited by specifying the total standard displacement 
tonnage which each contracting Power must not exceed. 

These maxima are shown in Table 1. 
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Fic. 1.—Growth of electric power and lighting requirements in a capital ship from 1887 to 1920. 


Part II. APPLICATIONS. 


SPECIAL PROBLEMS IN NAVAL ELECTRICAL 
ENGINEERING. 


The Washington Treaty, referred to previously, had 
two chief effects :— 

(1) Naval superiority by sheer force of numbers was 
made impossible for large warships, and the natural 
consequence has been the more intense concentration on 
the efficiency of the unit; and (2) a greater display of 
ingenuity on the part of naval designers concerned with 
new construction was rendered necessary. 

The Treaty now puts limits to the call for more and 
more accommodation on board ship for new develop- 
ments, for, with the displacement fixed, a designed speed 
and shaft horse-power settles also the size of the ship ; 
and it is only by high efficiency of each item of the 
equipment, by reduction of weight and size of every 
piece of apparatus, and by the elimination of everything 
superfluous, that ultimate maximum fighting efficiency 
of the material of the ship can be realized. The Treaty 
has, therefore, forced on naval designers—and particu- 
larly on naval electrical designers engaged on designs of 
thousands of different types of fittings—problems 
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which, if not altogether new, did not hitherto demand 
such exacting solution. 

Probably in no other branch of engineering do such 
severe conditions of operation obtain as in a warship. 
Vibration; rolling, pitching and yawing of the ship; 
Shock from gunfire; extremes of temperature; restric- 
tion of space; the demand for reduced weight; and the 
effect of a salt-laden atmosphere, in addition to the 
technical problems of design, must all be given full 
consideration by the electrical designer. 

A warship may be stationed in any part of the world, 
so that, whether in the tropics or in the arctic regions, 
the apparatus must function satisfactorily. Rough seas 
may be met, but the gear must operate at every possible 
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necessary to point out that gun shock is a very indeter- 
minate factor, and therefore such a machine can only be 
regarded as establishing a standard of robustness below 
which naval gear should not be accepted. 

All materials used may be exposed at some time or 
another to excessive shock as the result of explosion. 
Brittle materials, such as ordinary cast iron, cannot 
therefore be used for important parts of apparatus. 
This consideration has to be carefully borne in mind 
when dealing with the problem of light-weight construc- 
tion. For instance, an extensive use of aluminium in 
place of gunmetal or steel is only possible if the 
aluminium alloy is sufficiently non-brittle, withstands 
adequate shock, and is little affected by salt-laden air. 
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Fic. 2.—Shock machine for testing the ability of electrical apparatus to withstand shock. 


inclination. Severest of all are the heavy shocks and 
concussions caused by the firing of the ship’s own guns, 
the impact of shell at different parts of the ship, and the 
effect of underwater explosions. 

There is, of course, a limit to the shock any piece of 
apparatus can reasonably be expected to withstand 
without suffering damage, and practical experience has 
enabled an effective test to be devised, a shell from a 
6-in. gun being fired at an armour plate to which another 
plate supporting the gear to be tested is indirectly 
attached. A simpler and less expensive test has been 
developed from this gun-shock test, a machine shown 
in Fig. 2 having been constructed in which weights are 
caused to impinge vertically and horizontally on the 
steel plate to which the apparatus to be tested is fixed. 
The machine is easily reproducible, and has already been 
copied by several manufacturers. It is, however, 


The conditions obtaining in warships are so severe 
that special specifications are necessary, not only for 
completed apparatus, but for materials also. This does 
not mean that the Admiralty cuts itself adrift from the 
movement towards standardization of specifications ; in 
fact, the opposite is the case. The Admiralty is repre- 
sented on many of the electrical committees entrusted 
with the preparation of the specifications of the British 
Engineering Standards Association, as well as on similar 
bodies. British. Standard Specifications for electrical 
machinery and apparatus necessarily cannot be com- 
piled to meet the special conditions applicable to 
warships, and some extensions of the Standard Specifica- 
tions are necessary. Standard dimensions, standard 
components, standard threads, etc., and British Standard 
Specifications generally are, however, applied to the 
utmost limit possible. ' 
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TYPE OF SUPPLY (ALTERNATING OR DIRECT 
CURRENT). 


It is proposed to consider the fundamental problem 
of the type of supply to be adopted, namely, alternating 
or direct current; the views expressed apply only to the 
general supply of the ship and not to the propulsion 
requirements in an electrically propelled vessel. 

Alternating current presents great advantages where 
economical generation of energy in bulk is required for 
distribution over comparatively large areas on shore. 
These advantages would be lessened if the same system 
were applied to a warship. High voltage would not be 
permissible for general supply. The parallel running of 
a number of a.c. units placed in isolated parts of the 
ship would present increased difficulties compared with 
the parallel running of d.c. sets in similar positions, 
especially if the '' ring main ” system with its alterna- 
tive decentralized system of control were adhered to. 
The danger from shock is greater with alternating 
than with direct current, even on low-pressure circuits. 
The reports of the Electrical Inspector of Factories for 
the four years 1923-6, relating to nearly the same 
number of a.c. and d.c. low-pressure installations, give 
the number of a.c. and d.c. fatalities as 49 and 2 
respectively. 

Although there are many duties for which a constant- 
speed motor, such as the squirrel-cage induction motor, 
could be used, there are also numerous machines for 
which variable speed is a necessity, and for this purpose 
the greater simplicity of the d.c. motor over its many 
ingenious a.c. rivals cannot be gainsaid. 

Alternating current is not suitable for searchlight 
duty, owing to the formation of a double crater on the 
carbons, thereby preventing the production of a uniform 
beam, and motor-generator sets would be essential. 
With a d.c. supply at 220 volts a reduction of pressure is 
necessary, but a choice is offered between the use of a 
motor-generator (or reducer), or, alternatively, a 
resistance. 

One claim in support of alternating current is that the 
supply pressure can be easily transformed down, per- 
mitting, therefore, the use of a lower pressure for general 
lighting and the more extensive use of metal-filament 
lamps. This argument is based on the supposition that 
110-volt metal-filament lamps, for instance, are more 
economical and stronger than 220-volt metal-filament 
lamps. Whilst this is probably true with respect to a 
very slight economy, the shock resistance of 220-volt 
lamps is improving as lamp research progresses. Apart 
from this, it is usually accepted that the fragility of metal 
filaments, particularly under warship conditions, is 
greater with alternating current than with direct current. 

In making a comparison of the weights involved, 
much depends on the kind of generating units used. 
It is generally desirable to have all generators inter- 
changeable. With direct current this may be attained 
by driving the Diesel-driven dynamos direct, and the 
turbine-driven dynamos through reduction gearing. 
With alternating current it would be possible to couple 
three-phase generators direct to the turbines and increase 
the speed of the Diesel-driven generators by means of 
gearing. The total weight of the a.c. generating units, 
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assuming such conditions, would generally be less than 
the total weight of the d.c. units, and the saving would 
depend on the proportion of Diesel-driven sets to the 
turbine-driven sets. There would be a further saving 
in weight in respect of a.c. motors and motor-generators. 
On the other hand, estimates indicate that in using 
alternating current the increase in weight of searchlight 
motor-generators, cables, breakers, switches, junction 
boxes and lighting transformers would be 50 per cent 
more than the saving on the motors and generators. 
When the whole installation is considered, therefore, 
there is little to choose between the a.c. and d.c. systems 
on the score of weight. 

The leading objection to direct current has hitherto 
been that of commutation difficulties. The problems of 
commutation have been so thoroughly examined and 
openly discussed during recent years that bad commuta- 
tion is now comparatively rare, and where troubles do 
occur they can generally be diagnosed and cured. 

Turning to foreign practice, whilst alternating current 
is used extensively for shore work in the United States, 
France, Italy, Germany, Russia and Japan, this form of 
distribution has not been adopted generally in any of 
the navies belonging to these countries. The policy in 
the electrically propelled ships of the United States 
Navy, and to a lesser extent in Japan, is to use direct 
current for the ship's general supply, although alternating 
current is used for the propulsion machinery. The use 
of direct current for ship work is supported, therefore, 
not merely by argument, but by the consensus of naval 
opinion of the chief Powers. 


THE SvsTEM or DISTRIBUTION. 


Any system adopted must have its highest efficiency 
under action conditions. No consideration of comfort 
and convenience in time of peace must be allowed to 
detract from that efficiency. The system should be 
simple and reliable, and should provide continuity of 
supply to all undamaged parts. Drilling of watertight 
bulkheads and decks must be avoided as far as possible 
and, finally, light weight is essential. 

A modern warship of large size is usually divided into 
a considerable number of main watertight compart- 
ments. The ideal arrangement of supply would be to 
provide a generator of appropriate size for each water- 
tight compartment with suitable stand-by, so as to make 
each compartment self-contained. Such a system would 
be impracticable, on account of the number of generators 
required ; the method of distribution adopted, however, 
should approximate to the condition of self-contained 
compartments. 

The following systems of distribution might be adopted 
in warships :— 


(a) The two-pressure system, viz. a pressure of about 
105 volts for searchlights, lighting, etc., and a 
higher pressure for power ; 

(b) The two-current system, viz. alternating and 
direct current, the latter being used for the 
variable-speed motors ; 

(c) The three-wire d.c. system, with or without earth 
return ; 

(d) The two-wire system. 
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As regards (a) and (b), additional weight, space and | turing metal-filament incandescent lamps suitable for 
cost and unnecessary duplication would be involved. | running at a pressure of 230/240 volts and strong enough 
As regards (c) and (d), the d.c. two-wire system is adopted | to withstand shock and vibration. 
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by nearly all navies, an exception being the United A full consideration of the advantages and disadvan- 
States Navy where a three-wire d.c. system at a pressure | tages of the various systems, including comparative 
of 120/240 volts is used. This system was probably | weights, space and convenience, points to the superiority 
adopted when difficulties were experienced in manufac- | of the two-wire single-pressure d.c. system with both 
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poles insulated ; a great attraction of this system is its 
simplicity and reliability and the comparative ease with 
which defects can be made good in action. 

The three-wire d.c. system is not so simple under war 
conditions as a two-wire system and, unless a considerably 
higher voltage than that used for motors on warships 
at the present time were adopted, there would appear 
to be no advantage in the three-wire system over the 
two-wire system. A d.c. pressure of 220 volts is satis- 
factory, and this can be obtained on the simple two-wire 
system. To double this pressure for motors, i.e. 440 
volts between the outers, would lead to many difficulties 
in warships owing to running repairs on motors having to 
be carried out by men standing on steel decks in moist 
atmospheres. 

The following requirements are also considered 
necessary in any system of supply :— 

(a) Ready elimination from the system of such faults 

as may occur in action ; 

(b Flooding of one compartment should cause no 
interruption of supply to any other compart- 
ment ; 

(c) The system, although designed for action condi- 
tions, should permit all dynamos to be run in 
peace time at their most economical loads ; 

(d) The system should not be difficult to install, and 
should be easy to operate and maintain under 
action conditions ; 

(e) It should be possible to control the system either 
as a complete installation, or as a number of 
distinct sections. 


Reliability, from the naval standpoint, means not only 
all that is implied by the term when used in connection 
with electrical work on shore, but also that in action, 
and so long as the warship floats, the supply must be 
maintained uninterrupted in all undamaged parts of 
the ship. 

These requirements are usually met by some method 
of interconnection of dynamos. In certain foreign 
navies, what might be termed a '' multiple switchboard 
system ” is used, each dynamo having its own switch- 
board from which the various supplies radiate. Separate 
busbars on each switchboard are arranged to be connected 
up in series, so that by means of change-over switches 
each board may be fed either from its own dynamo or 
from the other dynamos in the ship. This system was 
used in the German Navy. A typical installation in a 
capital ship consisted of four 400-kW turbine sets and 
two 300-kW Dieselsets. Four main switchboards were 
used, two fitted forward and two aft. The main distri- 
bution circuits were controlled by switches and fuses 
fitted in cases built on the diving-bell principle. The 
current-conducting parts of these switches were so 
placed in the protecting cases that an air-lock was 
formed, and the air pressure prevented the water reaching 
the live parts when the compartment was flooded, even 
if the ship assumed an inclined position. In one ship, 
electrically operated diving-bell type switches, controlled 
at a central switchboard, were installed. This enabled 
“ non-action " supplies to be disconnected readily when 
going into action, and damaged circuits to be disconnected 
during action. 
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The multiple switchboard system is shown diagram- 
matically in Fig. 3. The chief argument against this 
system is that since all services radiate from a few central 
positions, the average length of cable run per point 
must be greater than in the ring-main system. The 
total weight of cable used in the ship must be greater 
and the additional amount of driling of watertight 
bulkheads which such a system entails is a serious 
drawback. This argument becomes stronger as the 
number of radiating switchboards decreases. 

The ring-main system is based on the principle that 
all supplies should be taken by the nearest route from 
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Fic. 5.—Typical electric lighting and power circuits from 
branch breakers to various classes of apparatus. 


main conductors fitted round the ship in the form of a 
closed loop. This system was first introduced into the 
British Navy in 1904 by the late Mr. C. H. Wordingham, 
C.B.E., a former President of the Institution and the 
author’s predecessor at the Admiralty. It was a bold 
and progressive step and, although since that date many 
modifications and developments of the original system 
have been devised, in principle the system remains 
the same. 

Fig. 4 shows diagrammatically the essential nature 
of the ring-main system. It will be seen that main 
switchboards are abolished as distributing centres, 
every supply being taken from the ring main by a path 
—mostly vertical—which avoids as much drilling of 
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4 to 6 steam-driven dynamos of 200 to 300 kW each; 

1 or 2 Diesel-driven dynamos of about 200 kW each. 
The total capacity is thus about 1000 to 2 000 kW, 
according to the type and requirements of the particular 
ship under consideration. 

The generating plant capacity is based, as in shore 
electric generating stations, not on the total connected 
load, but on the probable maximum demand, i.e. the 
load necessary during night action. Only a proportion 
of the total connected load is used at any one time, 
and normal peace requirements are also reasonably 


bulkheads as possible. Each dynamo is connected 
through a supply breaker and change-over switch directly 
to the ring main, and the whole supply system is con- 
trolled by electrically-operated apparatus from one 
central control room, although local control, as an 
alternative, is provided. With arrangements for iso- 
lating dynamos and sections of the ring main which 
may become damaged in action, it will be apparent 
that the system offers maximum reliability. 

A typical system of lighting and power circuits beyond 
the fittings shown in Figs. 3 and 4 is given in Fig. 5. 


BRANCHES OF ELECTRICAL WORK. 


A summary of the numerous applications of electricity 
in modern warships is given in Fig. 6. 
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within the full-load output of the dynamos. 
Motors.—The large amount of work involved in the 

supply of motive power in a modern warship may be 

gauged from the fact that about 400 electric motors are 
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Fic. 6.—Diagram indicating applications of electricity in warships. 


MACHINERY. 


Many diverse types of electrical machinery are used 
in modern warships. These types include d.c. and a.c. 
generators driven by steam or oil engines; d.c. motors ; 
motor-generators and reducer sets; and a.c. motors of 
various designs for propulsion. 

Generators.—Only in certain electrically propelled 
ships does the equipment include electric generators of 
a size comparable with those to be found in shore power 
stations. For the ship's general supply the total require- 
ments are, in comparison, much less. As has been noted 
in the consideration of the ring-main system shown in 
Fig. 4, it is desirable to use a number of small units in 
preference to one or two units of a larger size. The d.c. 
dynamos for supplying the ring main are, therefore, of 
comparatively small output. 

The number, type and output of generating units 
fitted in a modern capital ship may be taken to be as 
follows :— i 


fitted. The total power of these motors is approximately 
2 300 b.h.p. Considered individually, the powers vary 
from 195 b.h.p., developed by some boat hoist motors, 
to 0-3 b.h.p., the output of a small ventilating fan motor. 
Table 2 gives particulars of the electric motors and 
motor-generators installed in a typical capital ship, 
together with the usual methods of control. 

With so many motors to be maintained, the carrying 
of spares becomes an important consideration, as the 
spares suitable for one manufacturer’s design are un- 
suitable for use in a machine .made by another firm. 
The limitation of spares can only be carried out by some 
measure of standardization of machines—or at least of 
the components of such machines—and it was partly 
for this reason that the British Admiralty decided to 
prepare designs for certain sizes of motors. Ten sizes 
have been adopted, the range of outputs being 0:7 
b.h.p. to 20 b.h.p. 

These standard types of motors have been planned to 
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TABLE 2.—Typical Motor-driven Apparatus Fitted in Large Warships. 


Purpose BP Fund Ap eri Type of motor Type of control 
Pumps. b.h.p. 
Submersible iá i5 D" i 15-17 15-50 A.C. and D.C. (shunt) A 
Bilge iis £a ass - S 10 17 D.C. (shunt) A 
Fresh water i iss ce ae 3 1:0-2:5 D.C. (shunt) Al 
Portable (5 ton) .. " id 2 1-0 D.C. (shunt) A 
Brine i'à 3 1-0-3-5 D.C. (shunt) A 
Oil fuel m - Ps 2 0:75 D.C. (shunt) A 
Turret  .. T i - s 4 various D.C. (shunt) A 
Galley compressor 2 1-5 D.C. (shunt) A 
Pneumatic transmission 2-3 0:5-1-25 D.C. (shunt) A 
Fans. 
50-in. engine-room ventilating.. : 2 21 D.C. (series) Bl 
40-in. engine-room ventilating.. - 3 9.5 D.C. (series) Bl 
35-in. engine-room ventilating.. 4 8-0 D.C. (series) Bl 
30-in. engine-room ventilating.. T 4 6.5 D.C. (series) Bl 
20-in. ventilating s - V 1-5 3:5 D.C. (series) Bl 
1743-in. ventilating ee 24 js 40 3-0 D.C. (series A 
12}-in. ventilating seg v3 i 60 1-5 D.C. (series) A 
7}-in. ventilating pu E J: 70 0-3 D.C. (series) A 
5-in, ventilating .. si n D 15 0:25 D.C. (series) A 
Boat hoist .. - zs i M 2 140-195 D.C. (compound) B,C,DorE 
Dredger hoist 2-20 3-5-6-0 D.C. (shunt) A 
Ammunition hoist .. ut Ex- T 5-15 3-7-5 D.C. (shunt) A 
Deck winch .. ex oe E T 8-10 20-40 D.C. (compound) B&D 
Workshop machines gs ja E. 5 6:5-10 D.C. (shunt) A 
After capstan ice E Ha ka 1 35-60 D.C. (compound) B, C, DorE 
Auxiliary steering .. ws pi ai l 20-50 D.C. (shunt) C,DorE 
Turbine lifting S - is p3 2-3 5-10 D.C. (series) Bl 
Turbine turning  .. T is jd 2-4 6-20 D.C. (series) Bl 
CO, machine iis i — 95 3-5 6-16 D.C. (shunt) A 
Kneading machine pë as T 1 2-8 D.C. (shunt) Bl 
Motor-generators. 
W/T is - p4 i 2 3-5 0:5-2 D.C. (shunt) A 
Low power zr Us - ps 5-7 2-12 D.C. (shunt) A 
Searchlights  .. a8 .. .. 8-10 4-10-5 | D.C. (compound) Al 
Alternators. 
W/T E = oi or - 2-4 0:5-24 D.C. (shunt) A 
Turret danger .. 23 s - 2 0.5 D.C. (shunt) A 
Hummers T PT j^ i 2 1-0-2-6 D.C. (shunt) A 
Gyro-compass .. pi T as 3-4 1:5 D.C. (shunt) A 
Miscellaneous. 
Portable lathe T l 0:75 D.C. (shunt) A 
Portable armature blower 1 1-0 D.C. (shunt) A 
Portable crucible furnace l 1:0 D.C. (shunt) A 
Portable forge 2-3 0-25 D.C. (shunt A 
Portable saw bench is l 2-2. 5 D.C. (compound) A 
Portable commutator grinder .. l 0:5 D.C. (shunt) — 
Vegetable paring l 0-5 D.C. (shunt) A 
Knife cleaning l 0-5 D.C. (shunt) A 
Forward capstan l 150 D.C. (compound) C D&E 
Air compressors 3 90 D.C. (compound) Cl 
A = Startor. C = Reversing contactor control. 
Al = Automatic startor. Cl = Non-reversing contactor control. 
B = Reversing controller. D = Electro-hydraulic control. 


Bl = Non-reversing controller. E = Ward-Leonard, series, or other indirect electric control. 
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embody features which have been found the most 
satisfactory for warship conditions. Aluminium alloys 
are used wherever they can be suitably employed, and 
although, apart from this, the design has aimed at the 
lowest possible weight, the construction is of a substan- 
tial and robust nature. Many of these standard machines 
have been completed and are in use; the majority are 
fan motors, large numbers of which are required in any 
one ship. Standardization and interchangeability of 
parts of motors which may suffer damage in ships in 
action in any part of the world have many important 
advantages; there are, of course, limitations, and the 
benefits accruing are proportional to the number of 
standard machines installed. 

Special requirements are necessarily specified for 
motors used in warships. The bearings must withstand 
the effect of rolling of the ship and must permit the 
machine, when running, to be tilted from the horizontal 
through a specified angle which may be 15? or 224°. 
Special provision must be made for taking any thrust 
which might occur. For convenience in assembly, 
removal and repair, the larger motors are split horizon- 
tally, including the bearings when ring-lubricated 
bearings are used. In order to obviate the supply of a 
large number of different sizes of brushes, nine standard 
sizes are specified, eight of which are the same as 
B.E.S.A. Standards. The differences in the environment 
temperatures at various positions in the ship are con- 
siderable, and, for this reason, motors are divided into 
three classes for temperature-rise, the object being to 
ensure that the maximum temperature of any particular 
motor shall not exceed an agreed figure. 

A reference should be made to the distinct advantages 
which totally enclosed machines possess for warship 
purposes. Total enclosure of the machines protects 
them from the deteriorating effects of oily vapour; 
moisture; sea spray, salt-laden air, dirt and fluff, the last 
of which collects in the ship’s living spaces as a result 
of the wear and tear of clothing and bedding. Weight 
and space considerations demand, however, that except 
for the smaller machines the use of a totally enclosed 
casing should be accompanied by some method of 
cooling. Various types of machines incorporating 
special cooling devices have been installed. These 
remarks on total enclosure must not be taken as applying 
exclusively to motors; they apply to dynamos also. 
In some machines, total enclosure may be used not as 
an end but as a means, and such machines may be totally 
enclosed merely to facilitate cooling, the transference 
of heat from the machine outboard being the primary 
consideration. 

Control of motors ——The methods adopted for motor 
control in warships are similar to those in shore practice ; 
but shore designs have usually to be modified very 
. considerably for warship conditions. Overall dimensions 
and weight have to be considerably reduced, but even 
so the gear must be sufficiently robust to withstand 
severe shock and vibration, which are rather difficult 
conditions for apparatus composed of many intricate 
devices. For this reason, electromagnetic devices are 
designed to hold on under shock and vibration even if 
the pressure is reduced by 20 per cent, i.e. from 220 to 
176 volts; the coils are therefore liberally designed. 
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For safety, control gear must not contain inflammable 
material and, except in special circumstances, is arranged 
to break circuit on both poles. Spring control of con- 
tactor armatures is preferable to gravity control. 

The majority of the motors are controlled by startors, 
with or without shunt regulating resistances, or by 
controllers using series resistances or field grouping. 
A few automatic startors are used. For the larger 
motors, contactors operated by master controllers are 
employed. 

Many variable-speed motors are used in warships, 
and, in addition to the above-mentioned methods of 
control, other well-known methods are sometimes 
adopted, the chief being the electro-hydraulic system 
and the Ward-Leonard system. 

The degree of control obtained with the electro- 
hydraulic system is very good, but the efficiency of the ' 
hydraulic device interposed between the motor and the 
driven mechanism is not high. Moreover, the fluid is 
affected by extremes of temperature, and this is a 
disadvantage for a ship which may be in the tropics in 
the hottest season or in the arctic zone in winter—a 
temperature variation of about 140 deg. F. The weight 
cost of the electro-hydraulic system are somewhat high 
compared with all-electric control. 

An important application of the electro-hydraulic 
system is its use for the working of heavy gun turrets. 
Except for a trial in H.M.S. Invincible, hydraulic 
power has always been used in the British Navy. Many 
of the lighter turrets have, however, been electrically 
operated, various methods of speed control having been 
used, some purely electrical and some electro-hydraulic. 
The latter is usually preferred by gunnery officers because 
of the precise control obtainable by hydraulic operation 
of the actual gun mechanism. In foreign navies, how- 
ever, direct electric control for turret working is often 
employed. 

The Ward-Leonard system of control is applied to 
certain of the larger motors. The advantage of this 
system is the avoidance of contactors and the control 
of speed by very fine gradations; but some increase in 
weight and cost over direct electric control is incurred. 
Such increases may be justifiable for certain services 
and the system is being used in various navies. The 
defects inherent in this system—namely, time-lag in 
operation and want of certainty when the controller is 
near the neutral position—can to a large extent be 
avoided by the complete lamination of the field systems 
of the generator and motor, and in addition, where 
necessary, the superimposition of an alternating current 
on the field system in order to keep the field in a 
sensitive state. 

It is possible with the Ward-Leonard system to give 
almost any desired characteristic to the motor driving 
the machine in question; and it is a simple matter to 
arrange for complete stalling of the motor for a consider- 
able period without damage. This feature is essential 
in the case of an anchor capstan motor. 

Constant-current series systems provide an alternative 
method of control, and could be used for groups of the 
larger variable-speed motors driving winches, capstans, 
etc. Such constant-current systems, although giving 
excellent control, allowing of stalling of motor and 
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possessing other advantages, could hardly be adopted 
in warships to more than a limited extent ; the difficulties 
of ensuring continuity of supply under action conditions 
with any Series system would be very great. 


LIGHTING. 


During recent years, considerable advances have 
been made in the science of illumination, and the 
importance of adequate and proper lighting is now 
generally recognized. Bad lighting conditions cause 
eye-strain and inefficiency, react on the general health, 
and are responsible for many accidents. 

In a warship, conditions are such that officers and 
men must spend a large proportion of their time and 
do much of their work in artificial light. Even in day 
time, comparatively few compartments in the ship can 
be provided with satisfactory natural illumination. 
Further, warship lighting problems are of a varied 
nature, because of the diversity of use to which the 
compartments are put. There are, for instance, living 
spaces, offices, workshops, sick bays, engine rooms, 
boiler rooms, numerous auxiliary spaces and store rooms, 
in addition to special armament spaces, such as magazine 
and shell rooms, turrets and control rooms. A high 
standard of vision in the personnel is necessary for the 
efficient performance of their duties, and it is necessary 
that this high standard should not be impaired by 
inadequate or improper lighting. 

It is proposed to consider briefly the lighting problems 
in warships, the illumination values desirable, and, 
finally, the types of fittings in use. 

Lighting problems in warships.—The head-room be- 
tween decks is usually very restricted, and in every 
compartment there are various obstructions producing 
shadows. Machinery is mounted in all manner of 
positions, and structural obstructions are numerous. 
In every suitable compartment hammocks are slung 
some time before “ lights out." Consequently, except 
in a few spaces, such as the engine room, it becomes 
necessary to employ a number of small and compact 
units and to space them in the best possible manner. 
Often the positions available for the fittings do not 
coincide with the most desirable positions from the 
point of view of illumination alone. 

The subject of resistance to shock has already been 
referred to. This is a very important problem where 
lamps and fittings are concerned. They must be 
sufficiently robust to withstand not only gun shock but 
rough usage and the effect of handling heavy weights 
on the deck above. The ideal is to obtain a metal- 
filament lamp that will stand up to this rough treatment, 
and progress in manufacture has already made the use 
of carbon filaments unnecessary. In order to obtain 
better shock resistance, manufacturers are required to 
supply a lamp of somewhat lower efficiency than is 
normal for shore use. 

The British Admiralty specification for lamps includes 
a shock test under which selected lamps, after being 
burnt for 10 hours, must withstand a certain number of 
blows in the apparatus illustrated in Fig. 7. It is 
probable that the test will be increased in severity in 
view of the results of experimental work which has been 
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proceeding, and, also, the lamps may be tested with the 
filaments burning, instead of cold as at present. 

There is also the problem of the screening of the light 
source. As far as possible, fittings are designed to 
prevent the filament being visible at an elevation of less 
than 40° to the horizontal, and the brightness of the 
luminous surfaces of the fittings within the range of 
vision is limited to 2:5 candles per square inch. Diff- 
culties arise, however, on account of the large variation 
in the dimensions of the filaments and filament mounts 
in different makers’ lamps. If dimensions could be 
standardized so that a fitting would be equally efficient 


wu, ay, 


Fic. 7.—Lamp shock testing apparatus. The lamp “A” 
is held on underside of steel cantilever “ C." On open 
ing circuit of electromagnet '' G,” the steel ball falls on 


to “ C.” Length of fall is adjusted by varying height 
of “G.” "'H'' is replaced under electromagnet by 
hand. 


with a certain size of lamp made by any manufacturer, 
it would be of great advantage in ship lighting, especially 
if the standardization took into account both spiralized 
and squirrel-cage filaments. In this connection it is 
probable that the most important dimension is that 
between the top of the lamp cap and the remote end of 
the filament. 

In order that there may be sufficient light to enable 
persons to move about the ship after “ lights out," 
selected lights are fed from what is known as the '' police 
light circuit," which is independent of the main switches 
in the distribution boxes. As far as possible, police 
lights are fixed low in those compartments where 
hammocks are slung, so as not to be directly visible by 
men in the hammocks. 
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Special problems arise in the lighting of spaces where 
explosives are stored or handled, and in aircraft carriers 
where petrol vapour may be found. Fittings for such 
purposes will be referred to later. 

Illumination values-—A schedule of illumination 
values has been prepared as a basis on which particular 
installations in British warships are designed. This 
schedule is given in Table 3, and a similar schedule 
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ably with shore practice, but, although consider- 
ably higher than those previously in force, they are in 
certain instances lower than would have been adopted 
had no other factors influenced the decision. From 
what has been said previously, it will be clear that 
warship conditions often prevent the desired illumination 
being obtained, and the schedule cannot be regarded, 
therefore, other than as a guide. 


TABLE 3. 
Illumination Values Specified for Various Compartments of H.M. Ships. 


Illumination, in foot-candles 


Space Position 
Average Minimum 
Ward rooms, ante-rooms, gun rooms, warrant | Desks, card tables, etc. 4 to 6 1:5 
officers! messes, cabins Elsewhere 3 to 5 
Enclosed messes and mess decks.. Mess tables 4 to 6 1:5 
. Elsewhere — 
Offices Desks 4 to 6 1-5 
Elsewhere 2 to 4 
School reading and recreation rooms .. { eens and Wane tables dise 1:5 
sewhere 3 to 5 
Lobbies and passage — — 1:0 
Store rooms ae Desks 4to6 1:5 
Elsewhere — 1-0 
Engine rooms, submerged torpedo flats, switch- — 3 to 5 1:6 
board rooms, turrets 
Turret spaces, auxiliary machinery spaces and — 2 to 3 1:0 
boiler rooms 
Tiller end of steering compartment and similar — 1:6 0-5 
spaces 
Workshops .. Benches, etc. 4 to 10 1:5 
Elsewhere 3 to 6 


published for ships of the United States Navy is given in 
Table 4. Referring to Table 3, limits are given for the 
average illumination in a compartment, either on a 
particular working surface or elsewhere, the latter 
referring to the illumination on a horizontal plane 3 ft. 
above the deck. The minimum illumination specified 


living spaces. 


is the lowest value which should obtain in any accessible 
part of a compartment. 
The figures for British warships compare very favour- 


Types of fittings.—There are two classes into which 
fittings in warships may be divided. These are :— 


(a) Fittings purely for illumination purposes, and 
(b) Fittings for special purposes, such as navigation 
lights, internal signalling, etc. 


Vitreous enamelled 
reflector 


TO üa 
A d 
£m et sear 
l 
Diffusing bowi A / 


Fic. 9.—Pendant fitting for lighting mess decks and similar 
spaces. 


In the latter class, it is usually desired that the light 
source should be visible to the eye, whilst in the former 
class the light source is usually screened to prevent 
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glare. Screening may, in some instances, be accom- 
plished by a suitable shade, and in others by the use of 
diffusing glassware. When carbon-filament lamps were 
used a plain glass cover.was admissible, but the higher 
intrinsic brilliancy of the tungsten filament demands 
the use of glassware having good diffusing properties. 

A suitable non-brittle diffusing material of high 


Fic. 10.—Bulkhead fitting with louvred front, for police 
lights. 


transmission ratio which could replace glass would be 
of great utility for warship lighting fittings. Several 
types of fittings to suit the special conditions have been 
designed for British warships. Typical examples of 
these are shown in Figs. 8, 9 and 10. 

Some special problems, such as the design of magazine 
lighting fittings, have been referred to. Magazine 
lighting fittings are designed to be watertight and very 
robust. The circuit of the lamp is automatically broken 
if the glass cover is accidentally smashed, or immediately 
the fitting is dismantled for the renewal of a lamp. A 
locking device makes it difficult for any unauthorized 
person to dismantle the fitting. 

The illumination of the hangars of aircraft carriers 
requires special consideration, owing to the possible 


Mote: 
Mir 
flexibles, concerne, 
poles being insulated 


P chan, 


Supply 


presence of heavy petrol vapour. For general lighting, 
high-candle-power gasfillede lamps, fixed overhead, are 
used. There is, however, a considerable need for the 
use of portable hand-lamps in these compartments, and 


TABLE 4. 


Abstract of Illumination Values for Various 
Compariments of Ships of U.S. Navy. 


Illumination in 


Space foot-candles 


Officers’ mess rooms .. 

Cabins .. 

State rooms 

C.P.O.’s messes 

C.P.O.’s berthing 

Crew space 

Offices .. a ku bed bad 

Desks .. T a 

Store rooms (fixed stores) 

Store rooms (stores for issue) à 

Engine rooms, plus 260-watt units 
(treated specially) 

Torpedo room . 

Dynamo room, 250-watt units 

Evaporator room x 

Ice machinery room 

Pumproom  .. 

Boiler room, plus 250-watt unite 

Machine shop (general) i 

Workshop (additional special illumi- 
nation to be provided at sis l- 

Carpenter’s shop m 2x . 3° 
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in order to provide the highest measure of safety against 
possible explosion these hand-lamps are supplied from 
a special 12-volt a.c. system at a frequency of 50 cycles 
per second. The arrangements for these circuits are 
shown in Fig. 11. 


The petrol compartments and pump 


DP. change. "Em 


Supply 


Fic. 11.—General arrangement of 12-volt a.c. installation for hangars of aircraft carriers. 
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rooms themselves are lighted by means of external light 
boxes, gastight glass windows being fitted to the sides 
of the compartments. 

The lighting of chart houses and other exposed com- 
partments is arranged so that it may be controlled by 
a door switch designed to switch off the lighting circuit 
automatically on the first opening movement of the 
compartment door, since it is essential that no light 
should be visible through the open door. A “ peace 
lock" to render the door switch inoperative in peace 
time is fitted. 

In the design of fittings for naval service, standardiza- 
tion of parts is carried out as far as the special conditions 
permit, so that the large variety of complete fittings 
may be made up from the minimum number of compon- 
ent parts. Bases are standardized for most fittings in 
order that wiring may be completed, the actual fittings 
being readily erected during final completion of the ship, 
thus avoiding damage to the permanent fittings. 

For lighting on ceremonial occasions, when the ship 
is illuminated in outline, batten-type lampholders on 
wood bases are supplied from temporary circuits wired 
from the change-over switches of apparatus not in use, 
such as the deck winches. Electrically operated circuit 
breakers, normally controlling the deck winches, can be 
put on simultaneously from the switchboard, and the 
whole of the illuminating circuits can be switched on or 
off at a given signal. The illumination of a whole fleet 
in this manner provides a remarkable spectacle on such 
occasions, 


SEARCHLIGHTS, i 


Considered as an illuminant for searchlight use, the 
arc lamp is a very satisfactory source of light of high 
intrinsic brilliancy., This advantage is not gained 
without certain disadvantages, such as the intense heat 
of the arc and the burning away of the carbon electrodes, 
but by the exercise of ingenuity most of the troubles 
arising from these and other causes have been gradually 
overcome. 

Searchlights are used extensively for military and 
commercial purposes, and in the Mercantile Marine as 
well as in warships. In the Mercantile Marine they are 
designed primarily for the following purposes and 
conditions :— 


(1) Navigation, penetration of fog and sea haze 
without glare to the observer ; 

(2) Signalling ; 

(3) Satisfactory operation both in the tropics and in 
arctic seas, and after long exposure to sea 
atmosphere. f 


All the above apply equally to naval searchlights, but 
with the latter there are additional conditions of equal 
importance from the naval point of view, namely :— 


(4) To withstand gun-blast ; 

(5) To permit, as far as possible, continuous laying 
of beam ; 

(6) To work on a moving platform against a moving 
target, and at any angle from horizontal ; 

(7) To operate at very long ranges. 
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Conditions are very diferent from those obtaining 
with a shore gun battery where the platform is stationary 
and continuous laying of the beam presents no difficul- 
ties. Also, in a shore battery, the gun, observer and 
searchlight may be at stations widely apart, so that the 
efíect of gun-blast is reduced. 

Prior to 1914, searchlights played a less important 
part in the equipment of a warship than they do to-day. 
The low-current-density arc was in general use, and it 
was only in the first years of the war, when all countries 
considerably improved their searchlight equipment, that 
the use of a high-intensity arc was seriously considered. 
Even in Germany, where the high-intensity arc was first 
introduced by Prof. Heinrich Beck, the principle met 
with a poor reception until about 1916. 

In the British Navy the first lamps used were of the 
inclined hand-lamp type, but these were later converted 
into automatic inclined lamps, and finally superseded 
by an automatic horizontal lamp. The projector for 
the latter lamp was made of light weight because at that 
time it was desired to stow away the projectors for 
protection during day action. This was abandoned in 
1913. In 1914, both automatic inclined and automatic 
horizontal lamps were in use, some of the projectors 
being arranged with electric motor-operated elevating 
and training gear. A short arc ($ in.) was used in all 
80-volt ships, while in 100-volt ships the resistances were 
adjusted to burn the light with a longer arc (lin. to 
lġ in.) in order to reduce the screening effect of the 
negative carbon. In larger warships having a 220-volt 
supply system, a motor-generator was fitted with each 
searchlight, the set being designed to give a constant 
current of 110 amperes over a pressure range of 58 to 
62 volts. The motor-generators had automatic startors, 
and the arrangements permitted an arc to be started 
within 5 seconds from the moment of switching on. 

During the late war, a British H.C.D. (high current 
density) lamp was developed at one of the Royal Dock- 
yards. The luminous power of this lamp was 6 to 10 
times that of previous lamps using the same current. 
The carbons were bathed in methylated spirit, as in 
the Beck lamp, the object being to prevent oxidation of 
the electrodes near the tips. A pump and vaporizer 
had therefore to be incorporated in the design for the 
H.C.D. lamp. At the present time, both L.C.D. (low 
current density) and H.C.D. lamps are in use in the 
British Navy. 

The modern H.C.D. lamp as used in various navies 
differs from the L.C.D. lamp in several particulars, 
such as:— ` 


(1) Forced cooling and ventilation are essential, 
owing to the intense heat generated, and the 
necessity for removing from the projector the 
products of combustion at the arc ; 

(2) Excessive oxidation of the electrode tips is pre- 
vented by various methods, such as the methy- 
lated spirit flame or forced-air cooling of the 
electrode holder ; 

(3) Special arc-striking mechanisms are used ; 

(4) The position of the negative electrode is auto- 
matically controlled to maintain constant arc 
length ; 
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(5) The positive electrode is rotated to maintain the 
symmetrical crater formation necessary for the 
maximum intrinsic brilliancy ; 

(6) Automatic focal control of the positive crater is 
provided by various means, such as thermo- 
static control or the use of a “ third electrode." 


Reflectors.—For many reasons it has not yet been 
possible to produce a satisfactory type of metallic 
mirror, and the silvered glass parabolic reflector is 
almost universally employed for projectors. The type 
of glass used for these mirrors is of great importance. 
The glass must be tough, heat-resisting, free from flaws 
and bubbles, clear, accurately ground and polished, and 
free from scratches. The reflecting surface must be 
optically perfect and the silvering must be unaffected 
by damp, sea air and fumes, and must not peel or crack. 

The reflectors are mounted on springs in order to 
withstand the effects of gun shock and to cope with the 
temperature differences obtaining over the surface of 
the glass, especially with the H.C.D. lamp. 

Beam divergence is unavoidable, since, although the 
mirror may be optically perfect, the source of light is not 
a point but an area. For this reason, small-diameter 
carbons are an advantage, and therefore the divergence 
with the H.C.D. lamp using smaller carbons is less than 
that with the L.C.D. lamp. Increasing the focal length 
reduces the divergence, but at the same time reduces 
the flux received by the mirror. A limited degree of 
divergence is, however, acceptable and indeed necessary. 

The Mangin type of mirror is now very little used 
because, in comparison with the parabolic reflector, it is 
heavier and less capable of withstanding changes of 
temperature. As it consists of two spherical surfaces it 
is easier to grind than the parabolic reflector, but, for 
the reasons stated, its scope is limited to the smaller 
sizes. 

Carbon electrodes.—Much consideration has been given 
to the question of carbon electrodes, and experiments 
have shown clearly that where a beam of high penetrating 
capacity is required, it is necessary to use carbons of 
small diameter working at high current densities. 

The characteristics desirable in a searchlight carbon 
are :— 


(1) It should permit high arc candle-power ; 

(2) It should burn steadily ; 

(3) It should have reasonable burning life ; 

(4) The nature and thermal properties of the material 
should be such that tapering of the tip of the 
positive carbon with consequent reduction of 
the crater area should be as little as possible ; 

(5) The light emitted should be suitable for the 
varying atmospheric conditions encountered at 
sea, where low-lying mists are frequent, and 
should give satisfactory illumination of the 
target against a sea background ; 

(6) The arc should approach a point source as nearly 
as practicable to prevent scattering of the light 
around the projector and interference with 
observation. 


The conditions are not easy to meet, but the search- 
light carbon is being gradually improved. In modern 


practice both carbons are cored, and certain metallic 
salts are embodied in the positive cores. 

Shutters —Formerly, adjustable shutters, somewhat 
similar to venetian blinds, were fitted outside the front 
glass of the projector for purposes of signalling. In 
modem searchlights, shutters are necessary also for the 
purpose of completely obscuring the light for indefinite 
periods. They must therefore be thoroughly light-proof, 
and the original design has undergone many improve- 
ments. Shutters of the “Iris” type (as used in 
cameras) have been adopted for normal use, the former 
type of shutter being retained for signalling purposes 
only. | 

Ventilators.—Ventilators are fitted in all projectors, 
but with the H.C.D. lamp a motor-driven exhaust fan 
is essential to free the barrel of fumes and to equalize 
the temperature over the mirror. 

Reduction of pressure.—In 220-volt ships the question 
arises with regard to the method of reducing the pressure 
from 220 volts to the much lower pressure required by 
the lamp. As already stated, a motor-generator has 
hitherto been used because of its economy in comparison 
with a series resisfance, but experience indicates that 
the latter may probably give better all-round service. 
It is simple and easy to maintain, permits a steady arc 
and, although less economical, is lighter than the 
motor-generator. 

Operation.—The methods adopted for training and 
elevating the projector in action introduce many intri- 
cate and confidential electrical devices and circuits. 


HEATING, COOKING AND BAKING. 


Many types of electrical heating apparatus are being 
fitted in warships in increasing numbers. While 
electric heating is being adopted in surface ships in 
those cases where its superiority is very marked, in 
submarines general use is made of electrical methods 
as these are the only ones permissible when submerged. 

Owing to its cleanliness and convenience, electric 
heating is gradually supplanting the old type of stove, 
though artificial heating is not required to any great 
extent on board ship, apart from living spaces. A 
standard radiator is used for this purpose and electric 
fires of the imitation coal-fire type also are fitted in 
the principal cabins and ward rooms. 

In the design of apparatus for heating, cooking and 
baking, two main types of elements have been stan- 
dardized. The first type consists of wire or tape 
wound on a mica former, and is intended for kettles. 
The second type consists of a coil of wire supported 
in a fireclay former and is a low-temperature element 
for use in urns, ovens and hot-cupboards. Manufac- 
turers, however, are permitted to supply approved 
low-temperature elements of their own design in lieu 
of the second type mentioned, but, as an aid to standard- 
ization, such elements must conform to specified dimen- 
sions and fixing centres. For radiators, a luminou 
type of element is generally required. 

Two sizes of electric hot-cupboards have been designed 
for use in all types of ships. They are constructed of 
aluminium alloy and are provided with lagging 2 in. 
thick, and the elements are mounted on the inside wall 


| of the cupboard, being merely protected from damage 
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by a perforated shield. The design is such that the 
elements can be readily renewed. Particulars of these 
hot-cupboards are given below, the dimensions stated 
being the clear space inside the cupboard :— 


Size 1.—20in. wide, 16in. deep, 27in. high— 
1 000 watts. 

Size 2.—32in. wide, 20in. deep, 27in. high— 
2 000 watts. 


Following on an extensive trial at sea, electric bread- 
baking ovens of full-sack capacity are being fitted in the 
latest ships. The original electric oven was of half-sack 
capacity, and was tried against a steam-heated oven, 
the electric oven showing marked superiority in the time 
required to attain baking temperature, both from the 
cold condition and after the removal of a batch of 
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Fic. 12.—Electric galley range. 


bread. For use in the tropics, such quick service is a 
great boon to the men working in the bakery. 

Fig. 12 shows an electric galley for a surface ship. 
The galley is designed to meet the requirements of 15 
to 20 officers. One of the special features of this galley 
is the arrangement for a supply of water at both 212? F. 
and about 160? F. The warm-water tank is enclosed, 
and fils automatically. The boiler is fed from the 
warm-water tank. 

The above details apply to the British Navy ; other 
navies similarly employ electric heating, cooking and 
baking. . 

CABLES. 


One of the most important parts of any electrical 
installation is the cable system, and this is particularly 
true of warship installations. The total length of single 
conductor in a large warship is of the order of 300 miles, 
and the importance of obtaining cables which will 
satisfactorily withstand the severe conditions of naval 
service needs no emphasis. Single-conductor cables 
are used throughout for the electric light and power 
circuits, but multi-core cables are extensively used for 
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the low-power installation and for the control of circuit 
breakers. 

Owing to the great variety of purposes for which 
electric cables are necessary, a very wide range of 
patterns is covered by the standard sizes, and the 
schedule given in Table 5 summarizes the main groups 
and chief purposes for which the cables are used. 

It is of interest to note that in the German Navy the 
lead-sheathed, rubber-insulated cables were in some 
instances armoured by steel wires and in others by steel 
braiding. Except where additional mechanical protec- 
tion is necessary, the advantages of armour over the lead 
sheathing do not appear to outweigh the disadvantages, 
viz. increased diameter, greater weight, reduced flexi- 
bility, and installation difficulties. 

One consideration governing the type of cable to be 
adopted is its resistance to fire or flame. Lead-sheathed, 
steel-armoured cables when exposed for a few seconds 
to the intensely hot cordite flame are not superior to 
lead-covered cables without armouring, wire-armoured 
cables without lead sheathing, or tough-rubber-sheathed 
cables. With the lead sheathing omitted, wire-armoured 
cables are more difficult to install than unarmoured 
lead-sheathed cables. Further, watertightness of glands 
cannot be ensured without much difficulty where 
armoured cables pass through bulkheads. 

In the United States Navy, rubber-insulated cables 
for fixed circuits are used, both lead-covered and, where 
additional mechanical protection is necessary, lead- 
covered and armoured, whilst for certain purposes they 
are only taped and braided. In special instances cables 
employing impregnated cambric as the insulating 
material have been used with steel or bronze armouring 
over the lead sheath. 

Rubber-insulated, lead-sheathed cables were adopted 
as the standard in the British Navy almost from the 
beginning of naval electrical work. This type of cable 
still forms the bulk of that used in H.M. ships. Wire 
armouring is sometimes used over the lead where addi- 
tional mechanical protection is required, e.g. the multi- 
core cables for circuit-breaker control wiring. The 
important ring main and certain other cables which are 
paper-insulated and lead-sheathed are also steel-wire- 
armoured. In submarines tough-rubber-sheathed cables 
are largely employed on account of weight and flexibility 
in comparison with the stiffer lead-sheathed cables. 

Considering rubber-insulated cables as a class, their 
most serious fault for warship work is the inability of 
the insulation satisfactorily to withstand the high 
temperatures to which it may be subjected in service. 
These temperatures may reach 170° F. on the lead with 
an environment of 150° F., and under these conditions 
with varying humidity of atmosphere the layer of pure 
rubber, which it has been the practice to use next to 
the conductor, becomes plastic, whilst the compound 
rubber in many instances becomes either plastic or hard 
and brittle, depending on the materials used and the 
conditions of manufacture. It is doubtful whether the 
pure rubber next to the conductor is of any real value 
for cables liable to be operated under the conditions 
mentioned, and if the tinning of the conductor is con- 
sidered insufficient to protect it from the compound 
rubber it might be preferable to protect it by means 
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other than a layer of pure rubber. Temperature 
difficulties are accentuated by the large extent to which 
grouping and banking of cables must necessarily be 
resorted to in order to accommodate the large numbers 
used in warships. Undue banking is avoided as far 
as possible. 

When the ring-main system of distribution was 
adopted in the British Navy in 1904, paper-insulated 


the sectional area of the conductors ranges from 1-4 to 
0-01 square inches. It is necessary to use an armouring 
wire slightly smaller than B.E.S.A. standards on the 
largest sizes, to facilitate installation in the ship. 

In order to ensure that the compound used to impreg- 
nate the insulating material shall be suitable, it is 
specified that no bleeding or dripping shall occur when 
a sample of the cable is suspended vertically for 24 hours 


TABLE 5. 


Electric Cables in General Use in H.M. Ships. 


Type Description 


Single-core, paper-insulated, 
lead-sheathed and ar- 
moured 

Multi-core, paper-insulated, 
lead-sheathed and ar- 
moured 


Paper-insulated 


Rubber-insulated Single-core,rubber-insulated 
and lead-covered 

Single-core, | rubber-insu- 
lated, lead-covered and 
armoured 

Multi-core, rubber-insulated 
and lead-covered. 

Multi-core, rubber-insulated, 
lead-covered and  ar- 
moured 

Single-core, | rubber-insu- 
lated and tough-rubber- 
sheathed 

Single-core, | rubber-insu- 
lated and tough-rubber- 
sheathed (flexible) 


Multi-core, rubber-insu- 
lated and tough-rubber- 
sheathed (flexible) 

Single-core, | rubber-insu- 
lated, braided (various 
types), compounded, 
flameproof, etc. 

Multi-core, rubber-insu- 
lated, braided (various 
types), braided 


cables were employed for the ring main itself and the 
branch cables from it up to the branch circuit breakers. 
Owing to the great importance attached to the ring main 
it was thought necessary to provide a large margin of 
safety, and consequently the thicknesses adopted for the 
paper insulation and the lead sheathing were slightly 
greater than was customary with commercial practice. 
B.E.S.A. standard values have since been adopted for 
these dimensions. These paper-insulated cables are 
lead-sheathed and galvanized-steel-wire armoured, and 


VoL. 65. 


Sizes of conductors 


0-05 sq. in. to 0-001 
Sq. in. (2-core to 


0-0138 sq. in. to 
0:0006 sq. in. (2- 
core to 16-core) 


Service 


1:4 sq. in. to Ring mains and feeders 
0-01 sq. in. 
0-003 sq. in. (7-core | Control wires for circuit breakers 
to 61-core) 
1-0 sq. in. to General distribution 


0-0015 sq. in. 


0-003 sq. in. Control wires for special services 


to 


0 -0225 sq. in. 


0-003 sq. in. (2-core 
to 37-core) 
0-007 sq. in. (2- 
core to 38-core) 


Control wires for circuit breakers ; 
low-power services such as fire 
control, telephones, hummers and 
miscellaneous services 


and 


1-25 Sq. in. General distribution, etc., for sub- 
to marines 

0-0018 sq. in. 

0-75 sq. in. Charging batteries of submarines; 
to alternative supply from shore; 

0-001 sq. in. mining apparatus;  re-winding 


stators of submersible pump; gun- 

firing circuits ; ignition circuits 
Leads to submersible pumps; fire 

control; telephones ; motor boats; 


28-core) searchlights ; submarines ; wireless 
0-45 sq. in. Temporary lighting and power; 
to searchlights ; welding plant 
0-001 sq. in. 


Gyro-compass circuits; telephone 
fittings ; wireless telegraphy ; light- 
ing fittings; portable apparatus 


at a temperature of 75° F. The viscosity of the impreg- 
nating compound is very important in warship work 
where vertical runs in warm situations are frequently 
a necessity. With the ordinary commercial types of 
compound sealing chamber for sealing the ends of 
cables feeding switches or circuit breakers from the 
ring main, the impregnating compound tends to leak 
into the switch or breaker, as the case may be, especially 
if the box is situated below the level of the ring main, as 
is sometimes unavoidable. Instances are also on 
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record where, owing to loss of impregnating compound, 
short-circuits between cores have occurred in multi-core, 
paper-insulated cables run vertically. The paper at the 
top of the run became dry and brittle, in which condition 
vibration caused it to flake away sufficiently to allow 
neighbouring cores to make contact. To overcome 
difficulties of this character it is necessary to design 
sealing arrangements capable of remaining oil-tight 
ander considerable pressure. The Admiralty designs 
will withstand without leakage a resin oil pressure of 
50 lb. per square inch for 2 hours at a temperature 
of 200° F. 

The introduction of paper-insulated cables for warship 
work, and the precautions taken in connection with them, 
have been fully justified by experience. 

In addition to the fixed cables there is a large amount 
of flexible cable used in warships. This is rubber- 
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Fic. 13.—Twin flexible cable sheathed with tough rubber 
compound reinforced with canvas. 


insulated, but the mechanical protection depends on the 
service for which it is to be used and may be cotton 
braiding, cord braiding, phosphor-bronze braiding, 
tough-rubber sheathing, etc. For certain purposes, 
e.g. gun-firing circuits, owing to run-out recoil of 
guns, etc., the conditions are particularly severe and 
considerable trouble has been experienced by breakage 
of the conductors. Tough-rubber-sheathed cables have 
been used in which tinned steel wires have been incorpor- 
ated in the conductors to secure additional strength and 
also in the sheathing itself for the same purpose, but more 
Satisfactory results are being obtained from cables in 
which a canvas reinforcement is embedded in the 
tough-rubber sheathing—see Fig. 13. 

The method of running and fixing cables and the 
precautions to be observed are closely associated with 
the cables themselves and in many ways influence their 
design. 

With the exception of the ring-main cables, which are 
supported on steel or alloy hangers fixed to the bulkhead, 
all other standing cables are secured by means of metal 
clips bolted to the bulkhead or deck or to metallic 
plating attached to such bulkhead or deck. Formerly 
the bulkheads were drilled and tapped for fixing pur. 


poses, and perforated plating was employed to a 
considerable extent in order to reduce to a minimum 
the drilling of bulkheads. With the development of 
satisfactory methods of electric welding of studs to 
steel plates * the drilling objection does not apply, and 
cables are now secured direct to bulkheads unless 
obstructions, temperature of bulkhead, or other con- 
siderations render plating necessary. 

Where cables pass through watertight bulkheads or 
decks, packed glands are employed in order not to 
impair the watertightness. Efficient watertightness is 
extremely difficult to ensure for any length of time with 
a screw-up type of gland employing ordinary soft 
packing. This is due to the softness of the lead covering 
on the cable which flows as the packing is compressed, 
Causing a neck to be formed in the cable sheath. High 
and varying temperatures accentuate the trouble. 
Glands in which the packing consists of semi-plastic 
material forced in under pressure are being used with 
some success, more particularly in the multiple 
form. 

A harder sheathing which will enable all the difficulties 
to be overcome is desirable, but such sheathing must 
not introduce other more serious difficulties such as 
brittleness, increased corrosion, undue toughness, low 
fatigue limit, etc. Plumbing or soldering the lead 
sheathing for bulkhead gland joints is not, in general, 
satisfactory in warships, on account of vibration, 
difficulties of renewal, and withdrawal of cables through 
bulkheads. 


INSULATING MATERIALS. 


In the British Navy, the earliest insulating materials 
used, apart from cable insulation, were slate, Willesden 
paper, vulcanized fibre, and hard woods such as box- 
wood or lignum vite impregnated with paraffin wax. 
Mica was, of course, used for commutators, but, beyond 
that, its scope was very limited. Slate was superseded 
by a high quality vulcanized fibre owing to the possible 
presence of metallic veins in the former material. 

About 1904, an important departure from previous 
practice was made by the introduction of the skeleton 
frame method of switchgear construction. The electrical 
apparatus, instead of being mounted on slabs of insulating 
material, was clamped to steel bars insulated by tight 
wrappings of micanite. The adoption of this method 
was not only not received with much favour by manu- 
facturers, but it met with a considerable amount of 
hostility, primarily on account of early manufacturing 
difficulties and high costs; it was, however, very satis- 
factory in service, and has been standard practice in 
the British Navy for over 20 years. It was eventually 
adopted by most switchgear manufacturers for many 
commercial purposes. 

The main objection found with micanite is the liability 
of the varnish binder to soften at comparatively low 
temperatures. The introduction of the phenol-formalde- 
hyde varnishes, generally known as bakelite varnish, 
gave rise to the hope that this defect would be overcome, 
since this tvpe of binder does not again soften after the 
initial baking process. The manufacture of micanite 


* L. J. Sreere and H. Martin: ‘The ‘Cyc-Arc’ Process of Automatic 
Electric Welding," Journal I.E.E., 1922, vol. 60, p. 136, 
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with a bakelite binder is, however, a more difficult 
process than with the shellac binder. The bakelite 
varnish has, in fact, been more successful when used with 
paper or with powdered wood and asbestos for the 
production of moulded articles. Manv of these moulded 
materials are quite satisfactory for several purposes, but 
it has not been, and is not yet, an easy matter to obtain 
consistent grades of bakelite to withstand the onerous 
conditions of naval service. The conditions of humidity 
and high temperature are very searching for the less 
satisfactory grades, and cause any weakness to be soon 
displayed. 

Many other insulating materials are used in naval 
work, such as tapes, oils, varnishes, etc., but these are, 
in the main, the same as those used in ordinary commer- 
cial work. 


SECONDARY BATTERIES. 


The use of secondary batteries in surface warships is 
comparatively limited. It has not been found desirable 
or practicable to fit them as a stand-by supply for the 
main generating plant of the ship. The electrical supply 
to the gunnery and torpedo control circuits, telephones 
and certain navigational instrument circuits, however, 
necessitates small secondary batteries as a stand-by. 
Batteries are also employed to give an auxiliary lighting 
supply at low pressure in certain important spaces such 
as gun houses, while they are also used for wireless 
purposes and for portable hand-lamps. These call for 
very little comment, except perhaps that for the last- 
named apparatus alkaline cells are being used to some 
extent. 

The most important field in which secondary batteries 
are used in warships is in submarines, where the whole 
of the power for underwater propulsion is provided by 
this means. The power required for this purpose, the 
comparatively small space available for the battery, 
the absolute reliability required and the onerous condi- 
tions of working make the provision of a reliable battery 
an extremely difficult problem. 

The special conditions under which submarine batteries 
have to work may be briefly mentioned :— 


(1) They are subjected to tilting, vibration, and 
shock, caused by rolling and diving of the 
submarine, running machinery, gunfire, or the 
buffeting of a rough sea ; . 

(2) They must be able to withstand large temperature 
ranges due to the liability of working in arctic 
and tropical climates ; 

(3) The batteries have to be periodically removed for 
examination of the tanks, since leakage of acid 
into the steel tanks might have disastrous 
results ; 

(4) The limited crew which can be carried prevents 
the exclusive employment of highly-skilled 
battery attendants ; 

(5) A very high capacity for space and weight with 
reasonable life is essential ; 

(6) Considerations of space necessitate the battery 
being packed tightly in a tank under the floor, 
and access to the whole of the battery is im- 
possible under normal conditions. 


Special methods of operation are thus called for, which 
is very disadvantageous. Regular attention to indi- 
vidual cells is impossible and the condition and state of 
charge of the battery have to be judged as far as possible 
from the total battery voltage and from the readings 
of a few “ pilot” cells. It is understood that, in certain 
foreign submarines, arrangements are provided to enable 
individual cell voltages to be measured at a central 
point ; it is doubtful, however, whether such a system 
does not introduce more serious dangers than those 
which it-would help to obviate. 

During the past 20 years, the capacity required in a 
submarine battery has increased very greatly. The 
Capacity per cell hasalso increased, though not necessarily 
in the same ratio, In a modern submarine the number 
of the cells varies in different navies according to the 
voltages used, the capacity of the cells ranging from 
about 2000 ampere-hours to over 10 000 ampere-hours 
(5-hour rate). 

The limited floor space available has necessitated the 
adoption of a cell of great length compared with its 
lateral dimensions. The cells are totally enclosed except 
for a ventilation hole at the top, which, in some batteries, 
is connected to a ventilating pipe, and in others is left 
open to the tank, depending on the system of ventilation 
used. The plates are supported by the terminal lugs 
from the lids of the containers, and this assists in satis- 
factorily sealing the joint between the lids and the 
containers. l 

All navies have experienced difficulty in obtaining 
satisfactory containers. The ordinary types of glass- 
or lead-lined wood containers are quite unsuitable, and 
development has been along the lines of a moulded 
material. The earlier types were composed of asbestos 
or similar fibrous substance mixed with a binding 
material of a bituminous nature. These are now obso- 
lete. Later types are of a special quality of ebonite, and 
in one case a bakelite product is being used successfully. 
Some difficulty has been experienced, especially in the 
earlier types, in so adjusting the composition that the 
containers shall not deform when carrying the weight of 
the plates at temperatures up to 140° F. and shall not 
be brittle at lower temperatures, these two requirements 
being somewhat antagonistic. The necessity for packing 
the cells very tightly together imposes quite rigorous 
limits of accuracy in the manufacture of containers, the 
tolerance allowed being only 4', in. on any of the overall 
dimensions. 

In Table 6 an interesting comparison is given between 
submarine cells used during the past 20 years and a 
modern shore battery cell of approximately the same 
capacity. 

Planté positives were used until 1911, but since that 
date pasted plates have been employed. For some 
years the capacity/weight ratio has remained almost 
constant, but considerable progress has been made in 
improving the life. 

The rapid increase in the capacity/weight ratio which 
occurred about the year 1914 resulted in a battery with 
a very short life. The life varied from about 2 to 3} 
years with different makes, although in especially good 
cases a life of 5 years has been obtained. The causes of 
failure were usually shedding of the positive paste and 


848 


McCLELLAND: THE APPLICATIONS OF 


disintegration of the positive grids. The average condi- 
tion of condemned pasted positive plates may be repre- 
sented as follows -— 


The lower third of the plate—all active material 
gone. 

The middle third of the plate—50 per cent of active 
material gone. 

The upper third of the plate—25 per cent of active 
material gone. 


The fact that positive plates lose paste from the 
bottom first is interesting, although no satisfactory 
explanation is forthcoming. It may be connected with 
the very uneven current distribution consequent on the 
use of long, narrow plates. 

The serious loss of positive paste would, tosome extent, 
be expected in a battery having such a high ratio of 
capacity to weight and space, but operating conditions, 
and the natural tendency to keep the battery fully 


sulphation troubles, but they have not been experienced 
in moderate operating temperatures. Sulphation has, 
however, been experienced to a certain degree in sections 
of batteries using acid of extra-high density, but only 
where these sections are in proximity to the engines 
and therefore work at a rather higher temperature than 
the remainder. 

In the tropics, however, sulphation troubles sometimes 
arise and there is increasing evidence that with the new 
types of cell, in which support is given to the positive 
paste, ultimate failure may be due to sulphation of the 
negative paste. It is customary in different navies to 
employ a lower acid density in the tropics than in tem- 
perate climates, the figure adopted generally correspond- 
ing to 1 210-1 220 at 60° F. 

A few remarks about the ventilation and cooling of 
submarine batteries may be of interest. It is desirable 
to regard the ventilation question as separate from the 
cooling, although they may be combined. In the earlier 


TABLE 6. 
Submarine battery ce!ls 
Power station 
battery cell 
(1926) Representative Various types of submarine cells German cell 
type (1906) (1916-25) (1917-13) 
A B C D E 
Ampere-hour capacity at 5-hour rate 4 320 2 020 3 700 4750 5 500 
Weight (Ib.) 2 628 920 926 1075 1 162 
Ampere-hours per 1b. 1-64 2:2 4-0 4:4 4-7 
Watt-hours per lb. es T oh 3°] 4-2 7:6 8-4 9-0 
Volume (cub. ft.) .. T 2i és 16 5-3 5-3 5-3 
Ampere-hours per cub. ft. 270 381-2 698 896-2 Not 
Watt-hours per cub. ft. si 513 724-3 ] 346 1702.8 available 
Number of plates .. 2x ya 6 37 17 33 43 
Specific gravity when fully charged 1 200 1 220 ] 260 1 285 


charged to be ready for emergency, result somewhat in 
over-charging, which is a contributory cause of shedding 
of paste. Recent improvements in this and other 
countries have been directed towards means for pre- 
venting the shedding of positive paste; unless a cell is 
provided with some reliable mechanical means of 
preventing this shedding, it cannot be expected to give 
satisfactory service in a submarine. 

The figures given in column E of Table 6 are interest- 
ing. These relate to a German submarine cell and show 
a considerable saving of weight on container, acid, and 
Separators as compared with certain other submarine 
cells. No information is available regarding its life, 
but it may possibly have been specially designed to give 
high capacity for short war service, the high capacity 
being obtained at the expense of life. Cells having a 
similar high capacity in relation to space and weight 
were made in this country for special purposes during 
the late war. 

Reference to the figures quoted in the table will show 
that the high capacity/space ratio has entailed the use 
of high-density acid. This might be expected to bring 


types of batteries the cell covers had open holes through 
which the gases passed into the battery tank and were 
withdrawn by exhaust fans and discharged overboard. 
The ventilating air also assisted in the cooling by being 
drawn over the metal inter-cell connectors and possibly 
around the containers. 

In the later batteries used by several navies the closed 
type of cell ventilation is employed by which the gases 
from each cell are led by small pipes into larger ones and 
thus exhausted. At the same time, air is drawn over the 
tops of the cells. Very little cooling effect can be 
obtained through the container walls owing to their low 
heat conductivity, but the large mass of metal which is 
exposed at the top of the cell in the terminals and 
inter-cell connectors enables a considerable cooling effect 
to be obtained by this means. Separate cell ventilation 
has the advantage over the former method that the 
explosive gases are confined to a system of piping, and 
the boards over the top of the battery tank need not be 
made gastight as is necessary in tank ventilation. Even 
with separate cell ventilation, an explosion might have 
serious results, as shown in the recent accident in a. 
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foreign submarine where an accumulation of explosive 
gas became ignited, resulting in a serious explosion and 
the death of two or three men. 


SUBMARINE PROBLEMS. 


The submarine is, in an especial sense, an electrical 
ship, the electric motor having provided the best solution 
for underwater propulsion, and in the British and other 
navies no other method is used. 

The entire underwater operation of the submarine 
is, with a few exceptions, dependent on the secondary 
battery and the electrical installation which it supplies. 
To indicate the amount of electrical machinery and 
apparatus installed in a submarine, it may be stated that 
the weight is not less than 14 per cent of the underwater 
displacement of the ship. Without the aid of electrical 
devices, submarine propulsion of ships would never have 
become the practical proposition that it is to-day. 

The earlier submarines were of small displacement. 
They were designed for operation during short periods 
at sea, and a large degree of discomfort was an accepted 
condition of service. Later developments included 
higher ship speeds and longer patrols, and these in turn 
necessitated increased displacement to accommodate 
the extra propelling machinery and fuel, and to provide 
better conditions for the crew. Developments have 
taken place in all branches of submarine work, and new 
devices for which accommodation must be found are 
frequently introduced. Displacement, however, has not 
increased at the same rate as the call for space, so that 
conditions in a submarine tend to become more and more 
congested as progress takes place. It is this limitation 
of space which provides one of the most difficult, and 
certainly the most constant, of the problems to be faced. 

The normal system of propulsion in submarines 
employs propelling motors between the main engines 
and the propellers, and these may be coupled direct or 
through reduction gearing. Clutches are provided 
between the main engines and motors, and between the 
motors and the propellers, so that the propeller may be 
driven by the motors alone, or, when the ship is at 
anchor, the main engines may drive the motors as 
generators for battery charging. Normally, when the 
ship is proceeding on the surface, the main engines 
provide the power both for propulsion and for battery 
charging, the motors being used as generators. As an 
alternative to this arrangement, separate battery- 
charging generators may be installed. Under submerged 
conditions, the main engines are disconnected and the 
main motors are driven from the battery supply. Small 
auxiliary propelling motors are sometimes fitted to give 
creeping speeds. 

Main batiery.—Various problems in connection with 
submarine batteries have been discussed in the previous 
Section. The weight of the battery is about 7 per cent 
of the underwater displacement of the ship, hence the 
necessity for increasing as much as possible the ratio of 
capacity to weight without reducing unduly the life of 
the battery. 

Main machinery.—The capacity of the propelling 
motors varies in different navies with different types of 
submarines. A normal electrical output would be of the 


order of 1 400 s.h.p. to be developed on two propellers. 


Where separate battery-charging generators are used, 
this output would be maintained at all speeds of the 
ship from some intermediate speed up to full speed. 
That is to say, a propelling motor would be installed on 
each shaft to develop 700 b.h.p. at all speeds from, say, 
250 r.p.m. to, say, 400 r.p.m. The motor is therefore 
heavier and larger than would have been necessary had 
the full output to be given at full speed only. 

Submarine main propelling motors for the larger 
outputs are usually made in the form of double-armature 
machines, which arrangement is well suited to the large 
speed-range necessary. For instance, the armatures of 
the 700 b.h.p. motor developing full output at all speeds 
from, say, 250r.p.m. to, say, 400 r.p.m., would be supplied 
at 330 volts. The battery would be re-grouped for this 
voltage, the armatures would be in parallel, and speed 
change would be obtained by field regulation. A lower 
range of speed would be obtained by supplying the 
armatures in parallel at 220 volts, and a third range by 
supplying the armatures in series at 220 volts. 

The space available in the after part of a submarine 
will not permit of normal design of motors, which 
consequently are of an unusually small diameter for 
theirfull-load output. The design has also to incorporate 
some method of easy access to all the field poles and 
windings, either by introducing a device for turning the 
field frame on rollers, or by some other means. Finally, 
some method of dissipation of the heat from the motors 
is necessary to prevent excessive heating of the after 
compartments of the submarine during prolonged 
running submerged. This has already been satisfactorily 
accomplished by totally enclosing the motors and 
water-cooling the motor circulating air. 

The efficiency of the electrical machinery and arrange- 
ments for operating submerged are of great importance, 
since these affect the period during which the submarine 
may cruise under water, for when the battery is fully 
discharged the submarine must come to the surface. 

Submarine auxiliaries.—The number of electrically 
driven auxiliaries may be about 60, of capacities of 
70 b.h.p. down to very small powers. Although the 
auxiliary machinery in a submarine does not differ 
appreciably in character from that of a surface ship, 
the auxiliary load is proportionately higher, this being 
partly due to increased pumping facilities. Some of the 
pumps have to work against submerged pressure, and 
this tends to become greater owing to the depths to which 
submarines must dive to avoid depth charges and other 
instruments of destruction. 

Distribution.—Electrical distribution in a submarine 
differs from that in a surface ship because the number 
of watertight compartments is comparatively fewer and 
there is a far greater ratio of heavy to light wiring. 

Distribution is effected on the ring-main principle. 
Pressures of 120 to 230 volts, according to the type and 
nationality of the submarine, are used. In consequence 
of these low pressures the currents to be dealt with are 
very high, and even à number of large cables per pole 
may be required for portions of the ring-main system. 
To minimize the difficulties of installation and to reduce 
weight, power cables are usually tough-rubber-sheathed. 

A number of cables, such as those supplying navigating 
and certain other lights and services, bave to be taken 
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outside the pressure hull of the submarine, and special 
designs of glands and fittings have to be used to with- 
stand high water-pressures during submergence. 
Communications.—The effectiveness of a submarine 
in action is in a large degree dependent on its ability to 
communicate with the fleet with which it is operating, 


and progress tends towards an increase in the reliability 


and range of the methods employed. 

Inside the submarine, various warning alarms are 
fitted to indicate when a dive is about to be made, and 
the usual telegraph indicators and telephones for the 
operation of the vessel from the conning tower or control 
room are fitted. These are usually similar to those used 
in surface ships, and are operated from the 22-volt 
supply obtained from motor-generators. The internal 
communications are not numerous, as there is no 
armament other than one or two guns and the torpedo 
tubes, and these do not necessitate an elaborate system 
of fire control. 


WIRELESS TELEGRAPHY AND TELEPHONY. 


All warships, with the exception of the smallest 
auxiliary craft, are equipped with wireless installations, 
and the development of this branch of electrotechnics 
has had an important influence on naval defence. Wire- 
less telegraphy is an art in itself, and it is outside the 
scope of this paper to enter into the details of naval 
wireless apparatus, even if such were permissible. 

A large ship contains a number of wireless sets designed 
for different purposes, such as general long- and short- 
distance communication, direction-finding, etc., and 
having ranges suitable for the variety of circumstances 
in which communication might be necessary. Spark 
sets, arc sets and valve sets, for both morse and telephony, 
are used, the power supplied to the transmitting circuits 
being in accordance with requirements and ranging from 
about 15 kW to a fraction of 1 kW. The necessary 
power is usually obtained from the ship's d.c. supply 
through motor-alternators or rotary convertors, and 
step-up transformers. 

The high pressures and frequencies employed in 
wireless transmission introduce special problems when 
used in ships. Examples are the special arrangements 
necessary for running the aerial feed between the trans- 
mitting office, situated below the upper deck, and the 
aerial system, and the precautions necessary to prevent 
the occurrence of fires aloft or damage to wire stays, 
shrouds, etc., as a result of brushing or sparking when 
transmission is taking place. The former involves the 
fitting of aerial trunks between decks, and the latter the 
very thorough bonding and earthing—via the lightning 
conductor—of all isolated metal work on masts and 
yards, and the ends of wire stays and shrouds. 


FIRE CONTROL, TORPEDO CONTROL, TELEPHONES AND 
MISCELLANEOUS LOW-POWER APPARATUS. 


There is a large amount of electrical apparatus in a 
warship which cannot conveniently be supplied direct 
from the lighting and power circuits. Some of this 
requires alternating current and some direct current. 
The supply pressure may be anything up to 100 volts, 
depending on the nature of the apparatus, but by far the 
greater part is supplied at 22 volts direct current. The 


power taken by individual instruments and apparatus of 
this type is small and in consequence such apparatus 1s 
known throughout the Service as ''low power," to 
distinguish it from the main power and lighting equip- 
ment or gear fed from the ship’s mains, which is usually 
known as “high power." The following apparatus is 
supplied from the low-power system at 22 volts :— 


(1) Fire and torpedo control circuits ; 

(2) Telephone circuits ; 

(3) Miscellaneous low-power circuits such as bells 
and gongs, buzzers, rattlers, turbine and 
telegraph direction tell-tales, etc. ; 

(4) Gun and torpedo firing circuits. 


A number of motor-generators fed from the ship's 
main distribution system generate current at about 
22 volts, which is fed via various control apparatus and 
switches to distributing panels supplying circuits 
grouped in accordance with the above classification. 
Whilst it is customary under running conditions—and 
is in fact mecessary in the case of the firing circuits 
(which are single-wire earth-return circuits)—to supply 
from their own separate generators as far as possible the 
four different classifications given, switching arrange- 
ments are provided to enable a supply to be obtained 
from one or more alternative generators, and in some 
cases any generator can feed any group normally run 
independently. As a further safeguard, secondary 


| batteries are provided which, under normal conditions, 


are floating in parallel with their associated generators, 


. but can take over the load in the event of damage to or 
. failure of the motor-generators. 
. the capacity of these batteries may be some 500 ampere- 
. hours at the 5-hour rate. 


In the largest ships 


Examples of low-power apparatus which are not 
supplied from the 22-volt installation referred to above 
but have their own motor-generator or motor-generators 
are :— 


(1) Hummers ; 

(2) Bearing indicators for guns and searchlights ; 
(3) Turret danger signals ; 

(4) Gyro-compass and repeater circuits. 


The low-power equipment will be dealt with under 
three headings, viz. :— 


(a) Control of guns, torpedoes and searchlights ; 
(b) Telephonic communications ; 
(c) Miscellaneous low-power apparatus. 


Control of guns, torpedoes and searchlights.—The 
complex electrical apparatus for controlling a warship’s 
armament is of great variety and confidential in all 
navies, and its correct functioning is vital. 

The control of searchlights, guns and torpedoes in 
general involves the same problem, i.e. the directing of 


. the searchlight beam, the axis of the gun or the torpedo 
. in definite relation in space to the axis of a sighting 


telescope, in the centre of the field of view of which is 
kept the target, which may be many miles away and 
moving rapidly in a direction not accurately known. 


: This target may be invisible in the operating position; 


it may even be invisible from the sighting position as 
well, many cases of '' indirect fire ” having taken place 
in the late war. 
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It is generally preferable to install the telescope in 
a position remote from the weapon and, when this is 
done, electrical indicators are employed to show the 
operator at the gun or searchlight the direction in 
elevation and training required. 

It is usual to fit pointers in the gun instruments, 
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In the case of the searchlight the only correction is 
a small one depending on the relative positions of the 
sighting telescope and the projector, e.g. two projectors 
some distance on either side of the sighting telescope 
must be trained so as to converge in order to throw their 
beams on the spot sighted, and the want of parallelism 
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Fic. 14.—Diagrammatic arrangement of transmitter and receiver for fire control. 


worked locally directly from the gun and mounting, so 
that when the distantly operated and locally operated 
pointers are in line the conditions are correct for firing. 

The torpedo is of course fixed in elevation so that 
training only has to be considered. 

Advantage is taken of the indirect connection between 
the different weapons and the distant telescopes to 
introduce the various and numerous corrections neces- 
sary so that the distantly operated indicator shows the 
corrected reading and not the actual direction of the 
telescopes. 


of the beams with the line of sight will vary with the 
range. 

Similarly there must be a convergence correction for 
the guns in addition to the angle of elevation required 
to get the range, the deflection to allow for the relative 
speed of the ships and the time of flight of the projectile, 
and other minor corrections such as the velocity and 
direction of the wind. 

Local telescopes or sights are fitted at guns, and to 
these range, deflection and independent corrections 
must also be applied. 
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Torpedo tubes are mechanically adjusted for direction 
within certain limitations, but finer control is obtained 
by manceuvring the ship. 

An extremely high degree of accuracy is required in 
the transmitting and indicating apparatus, as will be 
obvious when it is considered that 1° difference in 
training means a displacement of 524 ft. in the centre, 
bright portion of the illuminated area of a searchlight 
beam at 10000 yards’ range. An accuracy to a small 
fraction of a degree is necessary in the elevation of a gun 
in order to secure a hit at long range. 

The type of instrument most largely used for indicating 
the desired direction in space is a simple step-by-step 
motor with unwound armature, in the stator of which 
a rotating field is produced by means of a commutator 
type of transmitter supplied with direct current. A 
diagrammatic sketch of such a motor connected to 
a transmitter is shown in Fig. 14. The rotor moves in 
steps of 15? so that it has to be geared down considerably 
to obtain the accuracy required. The main installation 
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consists of a multiplicity of such instruments and the 
necessary circuits of multi-core cables with their con- 
nection boxes, change-over switches, etc. 

One of the difficulties of this scheme arises from the 
need for considerable torque in the indicator, whereas, 
in the usual type, when the indicator takes up its final 
position the torque falls to zero. Thus there is some 
want of definition within a few electrical degrees, which 
increases with the friction or load against which the 
instrument works. Another complication arises owing 
to the high speed of working which is sometimes 
necessary. This requires a high ratio of torque to inertia 
of moving parts in order to avoid missing step, a con- 
dition rendered doubly difficult of attainment at speed, 
due to the inductance of the motor windings. Special 
devices are also necessary to ensure that instruments 
switched over in emergency to a stand-by transmitter 
take up immediately the correct indication without 
involving delay in ''lining up." Further, the low 
pressure used, viz. 22 volts, leads to some difficulty 
with varying voltage-drop in short and long circuits, the 
torque varying almost as the square of the pressure. 
The reduction in static torque due to line resistance 


is compensated for to some extent by improvement in 
the time-constant of the circuit, which helps to maintain 
the torque when operating at high speed. 

Thus in the design of the apparently simple tvpe of 
apparatus referred to, many factors have to be con- 
sidered and many precautions taken in order to secure 
satisfactory operation. The ideal aimed at by all navies 
is that the heaviest turret may be moved automatically 
to follow the directing telescope. This involves many 
difficulties. The problem is rendered still more intricate 
by the fact that a ship is not as a rule a steady platform 
but is in continuous irregular motion due to the action 
of the sea, whereas the gun or searchlight should, for a 
given period, be kept stationary in space. 

For the searchlights and certain other purposes where 
the accuracy required is not quite so high as for the 
guns, another method of indicating coincidence of the 
actual and desired directions is employed which works 
on the Wheatstone bridge principle. The general 
method of operation will be seen from Fig. 15. 

In addition to control for elevation and training, 
numerous step-by-step indicators are employed for the 
passing of orders, ranges, and other information. A 
simple range and deflection circuit is shown in Fig. 16. 

The electrical firing of the guns, which is a necessity 
under modern conditions, would be less complicated if 
the gun could be kept stationary in space for an appre- 
ciable time irrespective of the rolling and pitching of 
the ship. The projectile is required to leave the gun 
with a definite velocity within an interval of time 
after the closing of the firing circuits, so short that the 
direction of the gun will not have altered perceptibly. 
The following sequence of events has to happen in 
this short space of time after the closing of the electrical 
circuit :— 


(1) Current grows to value required to heat the fusible 
bridge and the surrounding pad of inflammable 
material to the ignition point ; l 

(2) Pad communicates flame to the explosive charge 
in the firing tube ; 

(3) Jet of flame burns through cover of main charge 
and ignites primer ; 

(4) Primer communicates flame to main charge, which 
commences to explode ; 

(5) As soon as pressure in gun is high enough projectile 
begins to move ; 

(6) Projectile travels along the bore, attaining the 
desired velocity as it leaves the muzzle, the 
charge continuing to burn during this period, 
thus maintaining the pressure. 


The first event is the only one with which the electrical 
engineer is concerned and it is his business to make the 
time required for it as short and uniform as possible. 
This is done by making the time-constants of the various 
gun circuits as nearly as possible of the same low value, 
the fusible bridges as nearly as possible identical, and 
the design such that a short-circuit across the fired tube 
cannot occur. The ignition of the pad surrounding the 
fuse actually occurs a few thousandths of a second after 
closing the circuit. 

In order to make these firing circuits safe from any 
risk of inadvertent operation due to accidental '' earths " 
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on them, they are usually made single-pole with an | addition, between offices, cabins and other compartments 
“earth” return. This also has the advantage of | where necessary to facilitate the routine work of the ship. 
simplifying the circuits. The same voltage is used as | Communication between two positions may be through 
for the control circuits. an exchange or direct. Direct telephones are employed 
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Fic. 16.—Range and deflection circuit. 


A most elaborate system of auxiliary apparatus, | for those stations between which communication must 
mostly electrically operated, into which the gyroscope | be possible at all times and with the least possible delay 
enters to a large extent, is usually provided to assist the | or likelihood of interruption. In alarge modern warship 
gunnery officers to make good practice, but, with all | there may be anything up to 700 telephones, of which 
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Fic. 17.—Two direct 2-wire telephones with line coil box. 


this gear, to place shells consistently on a rapidly moving | some 370 are on the various exchanges with ‘‘ trunk 

target several miles away and subtending perhaps a | line ’’ connections. 

fraction of a degree of angle is no easy matter even if All telephones are supplied from the low-power board. 

the gun platform is steady, which is usually not the case. | Two wires per instrument are now generally used, and 
Telephonic communications.—Telephonic communica- | in order to prevent commutation noises being heard 

tion is provided between all important stations and, in | in the receivers, as well as to obviate cross-talking, 
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inductive coils known as “ line coils " are included in 
the supply to each pair of telephones. The line coils also 
serve as relay coils. Non-inductive shunts, or con- 
densers, provide a path for the oscillating currents. 
Calling up is done by means of buzzer and lamp or, 
in noisy situations, by bell. The instruments them- 
selves are of robust design. Fig. 17 shows the arrange- 
ment of two direct telephones with line coil box. Special 
loud-speaking telephones have been developed for use 
in particularly noisy compartments or for ‘“‘broadcasting ”’ 
purposes. 


Miscellaneous low-power apparatus. 


A. brief reference only to the more important apparatus 
falling under this heading can be made. 

(1) Gyro-compass.—A gyro-compass installation con- 
sisting of one or more master compasses controlling a 
‘number of repeaters for indicating the course at the 
various situations where this information is required, 
together with the motor-generators and other gear to 
complete the equipment, is an important part of the 
electrical installation of all warships. 

(2) Hummers.—These instruments are used in cruisers 
and larger ships as call-ups for voice pipes and for other 
purposes for which trembler bells were formerly employed. 
. They consist of an electromagnet which, when excited 
by 50-period alternating current, causes a reed to vibrate 
against a metal diaphragm and releases a shutter. The 
instruments and circuits are arranged in groups and are 
fed from a small alternator at 20 volts. 

(3) Rattlers and buzzers—-These instruments are 
somewhat similar in principle to the hummer, except 
that they are operated by direct current from the 
low-power supply and have a distinctive note. 

(4) Turbine and telegraph direction tell-tale.—This 
instrument indicates on the bridge the direction in which 
the mechanical engine telegraph has been moved and 
the direction in which the engines are actually moving. 
The receiver contains two pointers, one of which is 
controlled by a transmitter geared to the telegraph 
shafting, and the other by a transmitter actuated by the 
turbine shaft. A pair of electromagnets are provided 
for each pointer, which is deflected to show ahead or 
astern, according to which of the two electromagnets is 
excited by the appropriate transmitter. 

(5) Forbes log.—This consists of a transmitter and 
receivers in selected positions. The receivers are of two 
kinds, one recording the distance travelled by the ship 
and the other the speed at which the ship is travelling. 
The motion of the ship through the water is made to 
drive a magneto-generator so that the pressure developed 
is dependent on the speed. A suitable voltmeter can 
therefore be calibrated to read speed. The distance 
recorder is operated by an electromagnet actuating a 
ratchet mechanism, the circuit of the magnet being 
completed periodically as the transmitting mechanism 
revolves. 

(6) Turret danger signals.—These signals give warning 
in a turret when the guns are trained or elevated in such 
a direction that, if fired, they would damage another 
gun, turret, or part of the ship’s structure. Each turret 
operates a series of switches so arranged that a trumpet 
sounds continuously in that turret whose guns are 


trained or elevated sufficiently far to endanger the ship's 
structure or the guns or structure of another turret. 
This system is of necessity very complicated since it 
has to cater for every direction of training and every 
angle of elevation of each individual gun, with conse- 
quential danger or safety as regards every other gun. 


ELECTRIC PROPULSION. 


The use of electrical machinery for the transmission 
of power from a prime mover to the propeller shaft of 
a ship is an old application of electricity. For over 
20 years the electric motor has been used by all navies 
for propelling submarines when submerged. It is. 
further, interesting to record that the first ships to be 
propelled by a.c. machinery were British ships, namely, 
“ Electric Arc," an experimental launch built in 1911, 
and ''Tynemount," a cargo vessel built in 1912. 
“ 'Tynemount " suffered an unfortunate engine accident 
which was in no way the fault of the electrical machinery. 
The effect was, however, as though the fault had been 
electrical, for, whilst America took up and developed 
electric propulsion vigorously and satisfactorily, in 
Britain the electric drive fell in abeyance, and the 
mechanical drive, either direct or through reduction 
gearing, has held the day. In the British Navy the 
geared turbine drive is normal for large warships, whilst 
in the United States Navy the electric drive has been 
adopted for all capital ships and has been installed in 
the two aircraft carriers of 33 000 tons standard displace- 
ment sanctioned by the Washington Treaty. The 
United States Naval Authorities have proved the success 
and reliability of the electric drive on a large scale, and 
all electrical engineers must offer their congratulations 
on this progressive development. 

Whatever advantages electric propulsion brings in its 
train, the method is, first and foremost, a speed-reduction 
device. For warships of large shaft horse-power, the 
steam turbine and ordinary propeller form the most 
satisfactory combination for propulsion, but since, for 
efficiency, the turbine speed should be high and the 
propeller speed low, some form of speed-reducing link 
between the two is necessary. The problem, therefore, 
resolves itself into a question of which method of speed 
reduction offers the most advantages and the fewest 
disadvantages. 

The chief considerations are those of flexibility, 
weight, space and economy. The geared turbine drive 
certainly lacks flexibility. The gearing requires the 
highest degree of skill and accuracy in manufacture and 
installation, and even then, owing to its rigidity of 
connection, it may suffer damage through shock, vibra- 
tion, or other cause. On the other hand, in the electric 
drive the turbine and propeller have no such physical 
connection, the power being transmitted through the 
air-gaps of both motor and generator. Moreover, the 
generating units and driving motors may be widely 
separated. 

The economy of an electric drive can be made to 
approximate to that of a geared drive. There is à 
double loss in the generator and motor, but this loss is, 
in part, compensated for by the large speed reduction 
ratio possible, the elimination of reversing turbines, the 
use of shorter steam pipes, reduced lengths of shaíting 


ELECTRICITY IN WARSHIPS. 855 


etc, At full power the efficiency of turbo-electric 
transmission is usually somewhat lower than that of a 
geared turbine drive. At lower powers, such as are 
required for cruising, the efficiency of the electric drive 
is usually higher than that of the geared turbine, because 
of the ability to shut down part of the generating 
machinery and auxiliaries while keeping all shafts 
running. It is usual to arrange for at least two different 
groupings of the plant in order to obtain maximum 
economy at certain arranged speeds of the ship, interme- 
diate speeds being obtained by simple manipulation of 
the steam valves. 

The ability to drive all propellers at low speed from 
one generating unit only, appears to be an advantage 
from the military standpoint as well as from that of 
economy. Considering a four-shaft scheme using two 
motors on each shaft and four generators, in the event 
of three of the generators and a motor on each shaft 
being damaged the ship could still run on all four shafts 
and steam at about 60 per cent of full speed. This 
advantage is somewhat reduced in recent designs, where 
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Architects on the 22nd March, 1923. Such difficulties 
have not been experienced with the single-reduction 
gearing installed in British warships, but the subsequent 
discussion showed that differences of opinion existed at 
that time as to the cause of the troubles which had been 
experienced with mechanical gearing in the Mercantile 
Marine, and as to the remedies necessary. Designers of 
marine steam turbines, gear specialists and metallurgists 
have not been idle. Deep study and extensive experi- 
ments have been carried out, with the result that many 
of the difficulties are being overcome in modern Mercantile 
Marine gear equipments. 

Again, the progress which has been made by the 
metallurgists in the provision of materials suitable for 
higher steam pressures and temperatures has led to the 
use of higher pressures and superheat with marine 
reversing turbines. Such high-temperature steam plant, 
together with the high efficiency and reliability of 
modern single-reduction gearing, have produced a geared 
turbine equipment that for cost, weight, space and 
efüciency forms a propulsion system of a high order. 
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Fic. 18.—Diagrammatic arrangement of propulsion machinery in U.S. Battleship Maryland. 


naval architects have adopted two shafts only for larger 
ships. 

Convenience of operation is often claimed for the 
geared turbine drive, but this claim may with equal 
justification be applied to the electric drive. Whilst in 
the electric method the operations to be carried out are 
more complicated than the opening or closing of a steam 
valve, all these operations may be done automatically, 
the operator merely having to turn a hand-wheel. 

On the score of weight, space and cost, the electric 
drivé is at some disadvantage. The author has found 
that in several cases where a steam turbine-electric 
drive has been considered, the weight of the machinery 
is from 10 to 15 per cent in excess of that of a geared 
steam-turbine drive designed generally for similar condi- 
tions. This additional weight and space become 
increasingly important as the shaft horse-power is raised, 
without a corresponding increase in the displacement, 
and for this reason the electric drive is practically ruled 
out for such ships as light cruisers and destroyers. 

A word or two on the subject of mechanical gearing 
might here be added. That many difficulties are possible 
with mechanical gearing is indicated in the valuable 
peper read by Sir Charles Parsons, Mr. S. S. Cook and 
Mr. H. M. Duncan before the Institution of Naval 


It is probably correct to say, however, that the very- 
satisíactory and reliable operation of electric trans- 
mission in ships of the United States Navy and elsewhere, 
and the possibility which then existed of the use of 
higher steam temperatures with non-reversing turbines 
such as are used for the electric drive, have tended to. 
accelerate the development of the application of higher 
temperatures in reversing turbines such as are used for- 
the geared drive. Progress in this direction has. been 
rapid, the latest marine application being the Clyde 
steamer ‘‘ King George V” with a boiler pressure of 
550 lb. per square inch and steam superheated to 750° F. 

In the author's opinion, therefore, the various advo- 
cates of the electric drive have tended to perform a very 
useful and important service, even though their advocacy: 
has not yet resulted in the adoption of electric propulsion 
in large measure by British marine shipbuilders ; whilst 
the United States Naval Authorities in their electrically 
driven ships have secured a flexibility in design, a 
satisfactory and reliable transmission, and a highly 
economical and efficient cruising speed. 

The references which have been made to the advances. 
in the geared turbine form of propulsion have not been 
put forward to act as a brake on the wheel of electrical 
development. On the contrary, the object is to acknow- 
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ledge freely progress in this country in directions other 
than electrical and to urge that the fullest use of science 
and skill must continue to be made by electrical engineers, 
in conjunction with marine engineers, if the well- 
established and efficient mechanical transmission is to 
be more than equalled in regard to (a) full speed of the 
ship, (b) weight, (c) space occupied, and (d) cost. 

Much has been written on the relative advantages 
and disadvantages of the electrically driven ship com- 
pared with ships using a direct drive or mechanical 


Digest of arguments used 1n favour of electric drive. 
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gearing The number of even reasonably accurate 
comparisons has been few, often being made between 
equipments of very different age, and working under 
conditions that have rendered the comparisons valueless. 
True comparisons of performance of propulsive equip- 
ments of naval ships of different designs in different 
countries are, indeed, most difficult to obtain. 

The following digest of arguments for and against the 
electric drive in large steam turbine warships, together 
with the author's comments, has been prepared :— 


Author's comment. 


(1) Very economical in running cost. 
(2) Very economical in upkeep. 
(3) Full power available for astern running. 


(4) Absence of reversing turbine not only in- 
creases efficiency of operation owing to 
improved design, but avoids loss in astern 
stages. 

(5) Avoidance of high temperatures generated 
by reversal of main turbine reduces risk of 
damage by overheating or stripping. 

(6) Possibility of using single-cylinder turbines 
improves design and efficiency. 


(7) Is very flexible in operation. 


(8) Short propelling shafts only required. 
(9) Short main steam pipes only required. 


(10) Ability to place main turbines where most 
convenient. 

(11) Ability to choose best possible speeds for 
propellers and main turbines. 


(12) Ease of control from any position. 


(13) Avoidance of shocks on main turbines, 
transmitted from propellers. 


(14) No racing of the propeller, as with turbines 
and gearing. 


Digest of arguments used against electric drive. 


(1) Equipment more expensive, heavier and 
more bulky. 


No economy at full speed but moderate economy at cruising 
speeds as compared with recent geared-turbine practice. 

Cost of repairs normally very low, but this is also the case 
with single-reduction gearing. 

This is so, but power provided with geared drive is accepted as 
sufficient. 

This claim is correct, but careful design and operation of the 
geared installation has made differences very small. 


Claim correct, but advantage of electric drive in this respect 
is now a relatively small one. 


Some improvement may be obtained, but experience with 
very large units with single and double cylinders shows that 
except for the increased size and weight of the double units 
there is little advantage, even though single-cylinder turbine 
avoids cross-over steam pipes between steam turbines, and 
fewer packing glands. 

This is the chief advantage of the electric drive. Various 
combinations are possible, resulting in satisfactory operation 
of ship at reduced speed with a very large proportion of 
generating plant out of action. Allows of minor overhaul of 
main turbo-generators at sea, and is of importance to a warship 
which may suffer damage in action far from her base. 

The length of main shaft would be reduced materially. 

Considerable saving in this respect could be made, and this 
is an advantage in a warship where a damaged steam pipe 
may cause serious results. 

This is possible within limits, since the only connection between 
alternators and motors is the main cables. 

Whilst the position is better than with single-reduction gear- 
ing, it is not so as compared with double-reduction gearing. 
The propeller speed for large powers cannot always be made as 
low as is desirable for efficiency, owing to prohibitive size and 
weight of propelling motors. 

This claim is not of great importance, as control, except in or 
near engine room, is not necessary. 

This is an advantage, the connection to the main turbines 
being through the air-gaps of the motors and generators, 
which air-gaps form a perfectly elastic coupling. 

Difficulties due to racing of mechanically geared turbines in 
warships are small. 


Author's comment. 


This generally is correct. : Cost, weight, and space occupied 
are at present somewhat greater, but it may be possible to 
use spaces in the ship to better advantage. 
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Digest of arguments used against electric drive. 
(2) Control apparatus complicated. 


(3) Specially trained operating staff necessary. 


(4) Adversely affected by salt-laden atmo-. 
sphere. 
(5) Dangerously high voltage used. 


(6) Danger of violent arcing in enclosed 
compartments. 
(7) Risk of damage in action. 


(8) Need for large air trunks for ventilation. 


(9) Special attention would be required for 
maintaining electric generators, motors 
and switchgear in sea atmosphere when 
not in use, whereas no special care is 
required for gearing, oil supply only being 
necessary. 

(10) If adopted for large ships, electric drive 
could not possibly be used for all classes of 
ships, and interchange during war of naval 
personnel for different ships would be 
rendered difficult. 


have been written from the point of view of warship 


Author's comment. 


Whilst not so simple in lay-out as in steam control, operation 
can be made almost identical, and gear is robust and reliable. 

For operation and upkeep ordinarily competent engineers 
who have had a course of instruction on construction and 
working of plant should operate satisfactorily. For large 
repairs, shore staff would usually be necessary, minor repairs 
within capability of operating staff being done at sea. 

No difficulty is apprehended where totally enclosed plant using 
cooled, re-circulated air is adopted. 

Pressure might have to reach 5 000-6 000 volts for large powers, 
but it would be impossible for personal contact with live 
parts to occur except by deliberate action, carelessness, or 
neglect of instructions. 

Suitable safety devices of a very simple and reliable nature 
would remove this danger completely. 

The risk may be somewhat greater than with a geared drive, 
owing to multiplicity of electrical connections, but it is in some 
respects less, since there is no rigidly aligned gearing which 
might be strained by heavy explosion. Also the steam 
pipes, being shorter, give less risk of damage. 

A closed ventilation system would in all cases be used, the air 
being water-cooled and used over again. No large air trunks 
for ventilation would therefore be required. 

Experience in United States Navy has proved that little 
attention is necessary to electrical gear, suitable electric 
heaters for all electric machinery being provided. 


Electric drive could not normally be used for cruisers and 
destroyers, and interchange of naval personnel between ships 
during times of emergency might be difficult. 


For cargo vessels the Diesel-electric drive is making a 


The above summary and the preceding remarks | other considerations, such as cargo space, are supreme. 


construction and do not apply to merchant ships, where 
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Fic. 19.—Auxiliary Diesel-electric equipment in H.M.S. Adventure. 
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TABLE 7. 
Particulars of Electrically Propelled Warships, Compiled (except ' Adventure") from Published Information. 
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è Propeller speed, 160 r.p.m. 


the number of merchant ships, and possibly certain 
types of auxiliary warships, using this form of drive 
seems likely to increase in the coming years. 

The author was informed recently that S.S. “ San 
Benito," a British-built turbine-electric ship of 3 000 
s.h.p., has run regularly on a scheduled service to the 
tropics since 1921, covering over 300 000 miles, and has 
never been laid up for electrical repairs. 

Particulars of electrically propelled | warshibs.—In 
Table 7 some of the data relating to various electrically 
propelled warships have been tabulated. Considerable 
variation will be noted in the magnitudes and the types 
of scheme employed, as well as in minor particulars 
such as the shaft speed. Fig. 18 shows the arrangement 
of the equipment in the U.S. battleship Maryland. 

In H.M.S. Adventure, an auxiliary ship of approxi- 
mately 8 000 tons displacement, Diesel-electric propelling 
machinery for cruising speeds has been installed. The 
power developed on each shaft is approximately 2 100 
s.h.p. at a propeller speed of 160 r.p.m. A three-phase 
a.c. system is adopted, the pressure being 1100 volts 
between phases. 

Two three-phase high-speed induction motors are used 
as the propelling motors, one for the port and one for 
the starboard side of the ship. Each motor is normally 
supplied from its own alternator, which is direct coupled 
to a Diesel engine. The two alternators do not run in 
parallel. Under emergency conditions, however, it is 
possible to run both motors from one alternator, or the 
port motor from the starboard alternator, or vice versa. 
The motors have wound rotors and are brought up to 
speed by the use of reactance-resistance startors. 
Special provision is made for over-excitation of the 
alternators by the use of a novel type of automatic 
booster to meet the conditions of temporary or periodic 
overload due to heavy weather or similar causes. 

The control of the motors and alternators is carried 
out by oil-break switches, with operating mechanism 
on the control platform in the Diesel-engine room. The 
control and operation of the plant has been so arranged 
that the whole sequence of operation is carried out by 
means of a single hand-wheel for each side of the ship, 
the usual protective devices being fitted. The paralleling 
of the alternators is prevented by mechanical interlocks. 

The installation is as simple as can be arranged; 
instruments of various types have been provided to 
supply all possible information for the study of the 
performance under varying conditions. Particulars of 
this equipment are given in Table 7 and in Fig. 19. 


MISCELLANEOUS ELECTRICAL APPLIANCES. 


There remain a number of miscellaneous applications 
which, although not large in themselves, are none the 
less important. Included in this category are Röntgen- 
ray apparatus, electrically-driven domestic machinery 
such as kneading machines, mincers and laundry 
machines, electric torches and portable accumulator 
hand-lamps, electrically-driven printing machines, etc. 

The domestic and printing appliances do not differ 
materially from similar apparatus in use on shore, and 
call for no special remarks. Electric torches are also 
of ordinary commercial types. A difficulty arises here 
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in connection with the batteries, not so much in home 
waters as abroad. The ordinary dry cell has not a long 
life in store in hot, humid atmospheres, and there is 
room for considerable improvement in this class of 
electrical apparatus. 

The accumulator hand-lamps resemble miners’ elec- 
trical hand-lamps, and are used for magazines and 
danger spaces. The alkaline cell is finding increasing 
favour for portable apparatus of this character. 

Finally, as a last example of the extent to which the 
large variety of modern electrical apparatus has been 
adapted to naval needs, electric starting and lighting 
sets at 12 volts, on the general lines of motor-car starting 
and lighting equipment, find their application afloat in 
the motor boats of the Fleet. 


CONCLUSION, 


A little thought will make clear the great changes 
which electricity has wrought in naval practice even 
within the lifetime of naval officers still on the active 
list. The development of wireless telegraphy and 
telephony would enable a Navy Board to keep in touch 
with fleets dispersed throughout the world. The 
commander-in-chief of a fleet uses electrical appliances 
for the handling of that fleet; the captain, in carrying 
out the various tactics; the navigation officer, in 
navigating the ship; the gunnery officer, in reaching 
the target; the torpedo officer, in operating torpedoes 
and mines and in protecting the ship from submarine 
attack; the engineer officer, in ensuring the mobility 
of the vessel and carrying on the manifold internal 
services ; the medical officer, in treating the personnel. 
Thus electricity is not only an invaluable adjunct but 
has become an integral part of a fighting fleet's 
structure. 

It is hoped that this rapid survey of the applications 


of electricity to naval vessels has not been without 
interest and value. 

It is recognized that the greatest progress is made by 
a. proper understanding of when and how co-operation 
with research and other workers should be effected, 
and by a vigorous development of experimental work. 
On the other hand, in the selection of the most suit- 
able equipment for warship work, caution is neces- 
sary; electrical machinery and apparatus installed in 
warships must be beyond the experimental stage. Any 
serious defect which may develop in machinery or 
apparatus in connection with public electric supply may 
result in costly inconvenience—admittedly serious—but 
a defect arising at a critical period in action in machines 
or apparatus fitted in large numbers in vital parts of 
a warship's installation may cause a consequential 
damage to the community which may have very far- 
reaching effects. 

A full discussion is invited ; any suggestions which 
may be made will receive close consideration. The 
author again emphasizes the difficulties imposed by 
limitation of space and weight, sea conditions, extremes 
of heat and cold, the claims of other services in the ship, 
and the difficulty of fitting in one requirement with 
another. So far as the British Navy is concerned, all 
these conditions are reflected in the detailed requirements 
of the Admiralty specifications. 

It is desired to place on record the willingness with 
which manufacturers in this country have co-operated in 
matters of investigation and development when invited 
to do so, and it is encouraging to know that much of the 
effort to meet naval conditions is not without its benefit 
to the electrical industry and is often reflected in 
commercial practice. 

Finally, the author desires to thank the Board of 
Admiralty for having given him permission to present 
this paper to the Institution. 


DISCUSSION BEFORE THE INSTITUTION, 31 Marcu, 1927. 


Dr. C. C. Garrard : I am glad that the author refers 
to the pioneer work of the late Mr. Wordingham. Until 
to-day that work has, I fear, been but little appreciated. 
This paper, however, shows that the work is still in 
worthy hands, and our thanks are due to the author 
for telling us much which had hitherto been hidden as 
“ secret and confidential.” I am very pleased with the 
sympathetic references made in the paper to the work 
of the British Engineering Standards Association. Naval 
work is necessarily special, but the more accepted 
standards can be used the better will manufacturers be 
pleased, and the lower will be the Navy estimates. 
I am interested in the question of insulation on board 
ship. The metal and mica construction has shown 
itself to be very suitable not only at sea but in onerous 
conditions on land. Mica insulation, however, is rather 
weak mechanically, especially under vibration. Bakelized 
paper is very much stronger but it readily carbonizes 
by surface leakage—the so-called ''tracking." If this 
material could be supplied with a surface of the nature 
of mica, this trouble would be remedied to a great 
extent, much better than by any form of varnish. 


Can the author tells us his experience in this connection ? 
The constant-current system for driving winches, 
capstans, etc., mentioned on page 838, is coming to 
the front recently in connection with new passenger 
liners. I am not quite clear what occurs when the 
motors stall, as mentioned by the author. Under these 
conditions I take it that the current passes through 
the commutator while the latter is not rotating. Is 
there not considerable danger of burning the com- 
mutator? Many proposals for series working have 
been made elsewhere, but I believe such systems have 
been practically all abandoned. The part of the paper 
which will probably arouse greatest interest is that 
dealing with electric ship propulsion, and it is to be 
hoped that when further experience with H.M.S. 
Adventure has been obtained, the hitherto cautious 
policy of the Admiralty in this matter will be changed. 
The author gives a very judicial summary of the 
advantages and disadvantages of this system, but I 
should like to ask what is the definite general conclusion 
he has arrived at. It seems to me that in this matter, 
as in so many others, electrical power is found to be 
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Justified by, so to speak, its secondary effects. For 
example, take the case of electric traction on railways. 
Even if it could be shown—which would, of course, be 
contrary to the fact—that electric railways were less 
economical, from the cost point of view, than steam 
railways, yet, in spite of that, railway electrification 
would be justified, simply owing to the fact that people 
prefer to ride in electric trains rather than in steam 
ones, and the increase in traffic which is obtained is 
the universal result when railways are electrified. The 
author states that the electric drive in ships entails a 
more expensive, heavier and more bulky equipment 
than does the geared turbine drive, although he makes 
the important qualification that it may be possible 
to use spaces on the ship to better advantage. This 
latter has been the determining factor in the electric 
propulsion of merchant ships. It has been found that 
in such ships the electric drive results in greater cargo 
capacity, and hence higher earnings. As applied to 
warships I think the most favourable is argument 
(7) on page 856 with which the author agrees, viz. the 
greater flexibility of the electrical drive. To this must 
be added, I think, the quicker manceuvring possible 
with the electric drive. The use of the Diesel engine 
imposes limitations in this respect; considerably 
greater difficulty was expected in this connection than 
has actually taken place, and it has been found that 
the operations of starting, reversing, etc., can be carried 
out very much more quickly than was anticipated. If 
I am right in this contention that the advantages of 
flexibility, quickness and ease of control will be the 
determining factors, then I am of the opinion that, in 
their future developments, the Admiralty should “ go 
the whole hog " and utilize all the advantages of this 
kind that electricity provides, instead of only a part. 
At the top of page 857 the author states, as if it were a 
good feature, that the control can be made almost 
identical with steam control I think this, however, 
is simply a concession to conservatism. It is really 
no reason that because the engine-room staff on a 
warship are used to opening and shutting steam valves 
that therefore the electrical control should look like, 
and act similarly to, steam valves. I am of the opinion 
that automatic remote control will prove just the same 
advantage for work afloat as ashore. Itis a great mis- 
take to imagine that automatic control is any less reliable 
than manual control: the opposite is the case. The gun- 
fire of a warship is controlled from a central point and a 
ship is just as helpless if its guns are out of action as if its 
engine room were in a like state. I would urge, there- 
fore, that it should be decided to make the fullest use 
of automatic remote control on any further ships that 
may adopt electric drive in the Navy. I fail to see 
why the control cannot be taken out of the engine 
room entirely (except, of course, emergency control 
in the event of the normal control being damaged in 
action) The engine-room telegraph, as a normal 
method of working, is in my opinion a relic of the past. 
The human intermediary should be cut out as far as 
possible and the engine-room control exercised directly 
from the bridge. My feeling is that if this line of 
development be followed, the chief advantage of 
flexibility which the author mentions will be increased 


to an extraordinary extent. Hitherto I think those 
responsible have stopped, so to say, halfway, and for 
that reason have not reaped such a full reward as they 
would otherwise have done. 

Mr. E. C. McKinnon: Reference is made in the 
paper to the extremely difficult problem of providing 
a reliable battery for submarines. I submit that the 
problem, though difficult, has been solved if compliance 
with the conditions set out is the criterion. The 
batteries are able to withstand far greater extremes 
of temperature than the personnel of the submarine. 
The author refers to, but does not define, '' a reasonable 
(battery) life." The life of a submarine battery is a 
very uncertain factor. If the battery be held in reserve 
without any work at all it may last, provided care is 
taken to counteract open-circuit losses, for 20 years. 
On the other hand, if charged and discharged without 
interruption, as many as 1 700 cycles have been obtained 
from an ''Ironclad'" battery, submarine type. The 
author puts down the life of the pasted-plate battery 
at 2 to 34 years. I think that must have been under 
war conditions, for the manufacturers of the pasted- 
plate battery would probably contend that the average 
life is at least 4 years. I recently heard from America 
that the first “ Ironclad " submarine battery installed 
in 1917 is still in active service. Many more which 
were installed in 1918 are all still in active service. I 
think that the author will agree with me that this may 
be regarded as a '' reasonable life.” 

Mr. W. H. Scott: The paper contains a reference 
to the late Mr. C. H. Wordingham and to what he did for 
the Navy. One of the things that he did was to intro- 
duce the micanite-covered bar insulation. When it 
first appeared it was thought that it would be unsatis- 
factory because mica and shellac do not make a very 
mechanical arrangement. But it has worked wonder- 
fully well, and still holds its own against all the new 
developments in the way of insulation that have come 
forward. The other thing that Mr. Wordingham con- 
tributed was the ring main, which also is being increas- 
ingly used, I believe, in the Mercantile Marine. Those 
two things, and also the introduction of 220 volts, which 
has become the standard for all work on board ship, 
are very much to the credit of the electrical engineering 
department of the British Admiralty. 

Dr. R. G. Jakeman : This paper is of great value to 
manufacturers in that it gives the reasons for many 
requirements called for in the Admiralty specifications. 
It is well known that work can be carried out much 
more efficiently when the reason for each step is 
thoroughly understood. I should like to suggest 
that the paper be amplified and published in book 
form, so that manufacturers will be able to realize 
exactly why the Admiralty requirements are sometimes 
different from commercial standards. Alternatively, 
an appendix could be added to each standard Admiralty 
specification. In comparing electric propulsion with 
geared drive, the author states that the power available 
for astern running with geared drive is accepted as 
sufficient. I was under the impression that the fact 
that full power is available with electric drive is a very 
great advantage. With electric drive, the propeller 
can be reversed from full speed ahead to full speed 
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astern in 15 to 20 seconds, and I should like to ask 
what is the comparative figure with geared drive. 
There is no doubt that alternating current is the best 
system for the propulsion of large ships, owing to the 
convenience of generating by means of turbo-alternators. 
In comparing the stability of induction motors and 
Synchronous motors, the stability of the combination 
of alternator and motor must be taken into account. 
The question, therefore, practically resolves itself into 
the overload capacity of the alternator, so that there is 
little difference between the two systems. One objection 
to the use of direct current for the propulsion of smaller 
ships is the presence of commutators and brushes, but 
these need give little trouble nowadays. There is one 
point, however, which should be realized. When 
reversing, the propeller motors act as generators, being 
driven by the way of the ship. The energy thus 
generated must be absorbed. In small boats a slight 
speeding-up of the generators and engines is sufficient 
to absorb this energy, but in larger boats it must either 
be fed back to the mains supplying auxiliary machinery 
or be dissipated in resistances as heat. With alternating- 
current motors, as soon as the current is reversed the 
motors work beyond the short-circuit point on the 
circle diagram and do not act as generators. The energy 
is dissipated in the windings in the form of heat. I 
should like to add that every country is indebted to 
the United States Naval Authorities for allowing the 
performances of their electrically-propelled ships to be 
published so fully. 

Mr. W. J. Rickets: I should like to emphasize 
the great necessity, particularly in naval matters, for 
the utmost collaboration between those engaged in 
the general field of research and those experimenting 
with large scale-tests, as in the case of H.M.S. Adventure. 
It is absolutely essential for the safety of the country 
that even a minor discovery in physics, chemistry or 
electricity should be rapidly brought up to a real working 
level, and applied as quickly as possible in Admiralty 
practice. Things change so rapidly to-day, particularly 
in matters of warfare, that any lagging behind on the 
part of this country, even though it be a question of 
only a few months, in the practical application of 
some discovery in physics or other department of science 
may lead to quite a considerable disaster unless some 
protective means be devised. One may instance gas 
warfare as a case in point. 

Mr. A. Regnauld : I think the British Admiralty is 
doing quite right in not worrying too much about 
steam  turbo-electric propulsion, and confining its 
attention to Diesel-electric propulsion. The differences 
between steam turbo-electric propulsion and steam 
geared turbine propulsion are so slight as regards 
efficiency, ease of control, etc., particularly when it is 
taken into account that the Admiralty has wisely con- 
fined itself to the single instead of the double reduction 
gearing which has given a certain amount of trouble 
on merchant ships, that I do not think there would 
be sufficient difference in the performance, etc., to 
warrant the adoption of steam turbo-electric pro- 
pulsion. But when the Admiralty comes to employing, 
as in H.M.S. Adventure, Diesel-electric propulsion, it 
is on surer ground. If we could perfect the Diesel- 
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electric propulsion as applied to our capital ships, 
particularly in view of the limitations which are imposed 
by the Washington Conference, we should, on account 
of the superior efficiency of the Diesel engine, increase 
their cruising radius by at least 100 per cent, or, alter- 
natively, we should be able to reduce by 50 per cent 
the weight of fuel carried, whilst still maintaining 
the same cruising radius. That seems to me to be the 
correct line along which to work. I notice that the 
author mentions the United Fruit Co.'s steam turbo- 
electric ship '' San Benito," but he does not mention 
the other electrically-propelled ships owned by the 
same company, the Diesel-electric vessels “ La Playa ” 
and her two sister ships. I recently, on a visit to the 
United States, had a letter of introduction to Lloyd's 
Surveyor in New ‘York, Mr. French. In America 
they are very interested in this question of electric 
propulsion, and I knew for a fact that they had had a 
certain amount of trouble with these Diesel-electric 
ships. I therefore asked Mr. French where the trouble 
lay, and he assured me that it lay in the Diesel engines 
themselves, and the opinion he expressed was that the 
speed of those Diesel engines was rather higher than 
could be economically operated. They were engines of 
820 h.p., running at a speed of 250 r.p.m. Of course, the 
author knows that in the Admiralty they have Diesel 
engines running at 400 r.p.m. and driving genera- 
tors, but it would appear as though with increase of 
size Diesel engines are not reliablé at high speeds of 
rotation. Apparently this trouble has now been over- 
come, because another American company a few weeks 
ago placed a contract in this country for another Diesel- 
electric ship, though the Diesel engines are not to be 
of the same design as before. The point is, however, 
that the trouble has been with the Diesel engine and 
not with the electric propulsion itself. If we adopt 
the Diesel engine as our means of propulsion, then the 
necessity for having the electric generator-motor 
combination as the system of gearing will be far greater 
than it is in the case of the steam-turbine drive, because 
with the steam turbine a much more even torque 1s 
obtained, which can be successfully dealt with by 
means of single-reduction gearing, as is at present done 
by the British Admiralty ; but with the Diesel-engine 
drive, even with a multiplicity of cylinders, the torque 
on the shaft is not so even. The Germans have tried 
to overcome the difficulty by means of hydraulic gearing, 
but we in this country have not taken kindly to that 
system. Mechanical gearing must be ruled out owing 
to the fluctuation of torque, and there remains only 
electrical gearing. If the internal-combustion engine is 
to be the engine of the future for ship propulsion— 
and Lord Fisher, who was responsible for the adoption 
of oil fuel in the Navy, evidently had it in his mind 
that the final system would be one in which the internal- 
combustion engine was employed—then I suggest that 
the line of development must lie in the direction of 
producing high-speed internal-combustion engines of 
greater power direct-coupled to electric generators, the 
current from which will drive the low-speed motors 
mounted directly on the propeller shafts. 

Mr. A. Vines: The author does not mention the 
“ helm indicator," which I think was almost the first 
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electrical indicating instrument used in the Navy, 
with the exception of ammeters and voltmeters. Early 
in 1891, Mr. A. E. G. Richards, Naval Constructor to 
the Admiralty, suggested the desirability of such an 
instrument to Mr. Evershed, who designed and produced 
a helm-indicator working on the ohmmeter principle, 
and H.M.S.Howe and H.M.S. Narcissus were fitted with 
trial instruments in 1893. After three years' trial the 
apparatus was adopted as a standard fitting and it 
has been employed on H.M. ships since that date. 

Mr. H. Allcock: In mentioning paper-insulated 
cables the author refers to troubles having arisen from 
the “ bleeding ” of the compound used for the impregna- 
tion of the paper on cables suspended vertically in 
hot situations. This difficulty was, at one time, en- 
countered on cables installed vertically in the shafts of 
South African gold mines and was surmounted by 
impregnating the paper, sheet by sheet, instead of in 
bulk, before, instead of after, its application to the cable 
conductors. The same methods would doubtless be 
equally efficacious on warship installations. With 
reference to the design of the special flexible cable 
illustrated in Fig. 13, I suggest that, if the layer of 
canvas between the two cab-tyre sheaths is considered 
desirable, it should be applied in the form of spiral 
strips instead of longitudinally. Equal mechanical 
reinforcement would thus be secured without sacrificing 
so much flexibility as the author’s design appears to 
indicate, although it is evident that the latter construc- 
tion must have proved sufficiently flexible for the 
purposes for which this cable is used. Furthermore, 
increased resistance would be offered to crushing stresses 
by the provision of a cradle of insulating material between 
the two insulated cores. It will be appreciated that 
two round cores, laid up together, must tend to 
become flattened along the line of contact, and experience 
has shown that the use of a cradle between them serves 
to distribute the pressure over a greatly enlarged area, 
thereby increasing the mechanical as well as the electrical 
efficiency of the cable. 

Mr. A. D. Constable: Speaking as a member of the 
author’s staff, I should like to emphasize one or two 
points which arise out of the paper without involving 
criticism or any suggestion of disagreement. I am aware 
that several engineers now present have thought that 
the Admiralty specifications are too “faddy.” They 
have thought that the conditions imposed were neither 
essential nor commercial. But they are now, I believe, 
tending to agree with us that most of the things we put 
in those specifications are not fads but are the result of 
long experience in naval work in both peace and war. 
We have revised most of our specifications since the 
war, introducing simplification where possible, bringing 
in more stringent conditions when we thought that war 
experience called for them, and cutting out any redun- 
dancies or non-essential conditions which may have 
existed in the earlier specifications. I think there is 
now more general agreement that conditions in the 
Navy are entirely special; they are not the same as 
in the Mercantile Marine, and they are even more 
different from shore conditions. Failure of apparatus 
in some circumstances may, as the author has stated, 
be vital. The specifications have to set out a scheme 


which shall be beyond reproach even under the worst 
conditions that we may experience, and those conditions, 
as some of the lantern slides exhibited have shown, 
may be rather bad. Many manufacturers have not in 
the past realized to what sort of conditions the gear on 
board ship has to stand up, and I therefore think that 
manufacturers should be encouraged by visits to ships 
or in other ways to realize what our difficulties are. 
Some visits of this kind have taken place and certain 
firms have been unpleasantly surprised at what they 
have learnt from them. Iam interested in Dr. Garrard's 
plea for more automatic control gear, but we have 
actually in many cases complete automatic control 
for various purposes. Some years ago we had to go 
into the question thoroughly in connection with the 
main supply in the ship, from the ring main. We 
thought out various schemes for ensuring continuity of 
service by means of automatically operated switchgear, 
but eventually we scrapped the whole of them because 
we came to the conclusion that the additional complica- 
tion would in the long run make the gear less reliable 
rather than more so. As electrical engineers, we know 
that electric gear does not always stand up when it is 
required to do so, and it is less likely to do so the more 
complicated it is. Therefore in the Navy we prefer 
simple gear when it can be made to do the work, and 
we rely upon attendants for its operation. If we had 
automatic gear exclusively in the ship it is certain that 
under some conditions, especially in war time, com- 
munications would go wrong and the result might be 
the loss of the ship. We have simple means of com- 
munication for passing orders—a voice-pipe in the last 
resort—and there are plenty of men in the engine rooms, 
so that one man can take the place of another if the 
first is not able to carry on, and we think this is a more 
reliable arrangement than to have entirely automatic 
communications for actually operating the gear. As 
electrical engineers, we know too much about intricate 
electrical automatic gear and its behaviour at sea in the 
absence of much highly skilled attention, to want to 
have too much of it. 

Mr. E. T. Williams: The author has endeavoured 
to give what has been for many years a long-felt want, 
namely, a perspective view to manufacturers, ship- 
builders and others who previously could not see the 
whole picture. Much difficulty has arisen hitherto 
because it has been held that so manv things which 
have to do with the Navy are secret and that it 15 
unwise to give a perspective view. The author had 
the courage to break away from that tradition and, 
with the approval of the Board of Admiralty, decided 
that he would endeavour to furnish such items of infor- 
mation the publication of which would not be detn- 
mental to the country, in order that, as one speaker 
has remarked, all those who are contributing to the 
electrical equipment of His Majesty's Fleet might take 
a more intelligent interest in the particular part with 
which they are dealing. The author took over the 
administration of the electrical department of the Navy 
at a very anxious time and I submit that several im- 
portant characteristics have marked his period of othce. 
I propose only to refer to two, and only briefly to those. 
I refer to them because they have not been, and 1t 15 
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desirable that they should be, brought out very clearly 
in this discussion. The first is that the author has 
made a special point of co-operating, as far as possible, 
with all concerned so as to get the best results, and I 
feel sure those manufacturers and ship-builders who 
have been responsible for Admiralty contracts have, 
when they have found it desirable to seek co-operation, 
been cordially received by the author and his staff. It 
is not for their information I mention this, but rather 
for the information of other contractors and ship- 
builders who may have been diffident in seeking help 
or in offering their help because they had not perhaps 
realized how they would be received. From the day he 
took the responsible position as head of the electrical 
department of the Navy, the author has given to all 
concerned every possible encouragement to co-operate 
with him. The other point I wish to make is the very 
broad view that he has taken in connection with scientific 
advance and its application to the Navy. I submit 
that there are few electrical engineers who have respon- 
sibility for making decisions which are so far-reaching 
as his. While being in the forefront of scientific 
advance he dare not make a mistake, and though the 
load of responsibility is heavy he has yet made it evident 
on every hand that he is willing to take up research 
where necessary, and also to investigate the merits 
of new apparatus, designs, etc., which may be put 
forward by manufacturers as being suitable for Naval 
use. 

Mr. A. A. Campbell Swinton (communicated): As 
a contribution to the interesting account of the early 
history of the electric lighting in warships, given in 


the paper, I should like to mention that the use of 
lead-sheathed rubber-insulated cables for wiring on 
board warships was first introduced by Messrs. Sir W.G. 
Armstrong, Mitchell and Co., of Newcastle, under my 
auspices, in the year 1885. The first ship to be so 
wired was the Japanese cruiser, ‘‘ Naniwa Kan," built at 
their Low Walker Yard by Messrs. Armstrong at that 
time, and a description of the wiring was given in the 
Electrical. Review of the 14th May, 1886, in which it 
was described as a “new and original plan." Up to 
that time, as mentioned by the author, the Admiralty 
practice had been to run rubber-covered and cotton- 
taped or braided cables in teak casings, and this was 
the system employed by Messrs. Armstrong in the 
Italian cruiser ''Giovanni Bausan," built in 1884, 
which was the first vessel built by Messrs. Armstrong 
that they themselves fitted with electric light. In 
this case it was found that wet was apt to accumulate 
in the casings, and these, following the then Admiralty 
practice, were filled up with putty, the result being 
that the rubber insulation swelled by absorbing the 
oil in the putty, and burst the casings, with very 
unsightly results. It may be mentioned that during 
the installation of the lead-sheathed cable system 
Mr. Farquharson, who was then the chief electrician 
of the British Navy, visited Messrs. Armstrong’s yard 
and was by me shown the system, which was then a 
novelty and was afterwards introduced by him into 
the British Navy. 


[The author’s reply to this discussion will be found 
on page 869.) 
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Mr. F. A. Ross: Regarding the apparatus shown 
in Fig. 7 for the shock-testing of lamps, I should like to 
point out that this test is not complete in itself, as it 
does not take into account the continuous vibration 
set up by running machinery on board ship, which on a 
passenger or cargo vessel considerably reduces the normal 
life of metal-filament lamps. From the tests which I 
have carried out on trials, and figures which I have 
obtained after the ships have been in commission, it 
would appear that slight continuous vibration disinte- 
grates the filament and reduces the normal life of the 
lamp at least 50 per cent, and where the vibration is 
considerable, as it is in certain types of vessels, destroyers, 
Diesel-driven vessels, etc., and on going astern or 
manceuvring, the lamp is destroyed very quickly. I 
consider, therefore, that, in subjecting a particular type 
or make of lamp to test, a continuous vibration test 
after the lamp has been in use for some time is of equal 
importance to the shock test in determining the best 
lamp. Referring to the bulkhead fitting, shown in 
Fig. 10, the metal louvre arrangement would appear 
to obstruct the light considerably from the point of 
view of the projection of light forward along a passage 
or mess deck. I understand that this type of fitting is 
only intended for “ police" lights for illumination of 
mess decks, spaces under hammocks, etc., but it appears 
to me that it would be possible to obtain better results 


from the use of a prismatic front glass which would 
throw the whole of the light forward and downward. 
I have been using this type of glass for the interior 
illumination of internal.combustion engines, as in the 
restricted area of the engine casing it is necessary to 
get the light projected in the right direction, and to 
keep the lamp on the outside of the engine casing so that 
it can be readily got at for rencwals. 

Mr. F. G. C. Baldwin : The unique circumstances 
in which electricity is made use of in warships are 
obviously very different from those which otherwise 
obtain, and practices which would appear strange, 
uneconomical and unsuitable in other cases may, there- 
fore, be permissible or even necessary in naval electrical 
engineering. A landsman may perhaps be forgiven 
for assuming that vibration, shock and concussion are 
considerations which assume greater significance to 
the naval electrical engineer than to his confrére ashore, 
and it would be interesting to know to what extent 
these factors have influenced the design of cables for 
electrical purposes aboard warships. It is observed 
from Table 5 that cables are commonly lead-sheathed, 
and, in view of the known effect of vibration upon the 
lead sheathing of cables, perhaps the author will give 
some further information respecting the extent of the 
damage due to lead sheathing and the points at which 
it most frequently occurs. Also is it customary to use 
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a sheath of pure lead for warship cables, or an alloy, 
and, if the latter, what is its composition ? It is perhaps 
not surprising to find that the use of electricity aboard 
warships comprises that of cooking and baking, but it 
would also be interesting to know whether electricity 
has been adopted for this purpose primarily because of 
its convenience or for reasons of economy. Experience 
on warships apparently bears out experience on land, 
in that metal-filament lamps may now generally be 
relied upon to withstand shock sufficiently well to justify 
their use in positions subject to vibration, instead of 
lamps with carbon filaments, but it is perhaps a tribute 
to lamp manufacturers that metal-filament lamps can 
be used under the extreme conditions which obtain in 
warships. It would be of interest if the author would 
say whether illuminants of other types than the arc have 
been experimented with for projection or searchlight use, 
and whether flood-lighting has any utility. I should 
be glad to hear what type of transmitter is employed 
for telephone working and whether any trouble has 
been experienced due to the concussion caused by 
gunfire. 

Mr. S. B. Jackson: As an electrical engineer, I 
think that some statement as to the load factor of the 
electrical plant, both in action and in peace time, would 
have been interesting. Load curves and particulars 
of the steam consumption of generators and daily output 
figures would also be instructive. A short survey of 
generating costs, in capital ships especially, would have 
been very welcome. Hummers are mentioned in the 
paper, alternating current being used for this purpose. 
I should be glad if the author would say why he uses 
alternating current and a special motor-generator, 
switchgear and ring main merely for ringing bells, 
when direct current could apparently perform the 
duty equally as well. The use of such special apparatus 
increases the capital cost of the whole installation. 
In my opinion Fig. 4 does not represent a system which 
will give maximum reliability. The switchboard (or, 
more properly, remote-control board) is usually situated 
in the after compartment near the ring-main breaker 
shown in the after position. The supply breakers and 
branch breakers are controlled from this remote-control 
board, and the negative control-returns from each 
individual breaker are brought to the remote-control 
board. The criticism I have to make on this system is 
this: If a shot were to fall on the remote-control board 
the inevitable result would be that all the negative 
returns would be destroyed, with the consequent auto- 
matic opening of all the circuits controlled by these 
breakers. This, under action conditions, is undoubtedly 
very serious, and I think that if such a system as is 
represented in principle by Fig. 3, in which a number 
of remote-control boards in various parts of the ship are 
utilized were used, and various negative returns taken 
from the branch breakers to each control board, so that 
there would be, say, three or four separate supplies by 
which a breaker would be taken off or put on, the instal- 
lation would be greatly improved under action conditions. 
Another point to be noted is that the danger owing to 
a cessation of the supply during action is carried much 
further than the supply system itself. What happens 
is that the fire-control mechanisms and the director 


gear are thrown out of action and have to be lined up 
again before further progress can be made. This is 
absolutely essential in order to obtain accurate shooting ; 
and as a battleship's primary function is to use her 
armament this view is very important. Referring again 
to Fig. 4 and a previous speaker's remarks, the arrange- 
ment for protection under flooding conditions is the 
ring-main guards. Turning to the question of lighting, 
I have had some experience of exposed metal filaments 
in naval ships, and I can agree with the author that bad 
lighting causes eye-strain and has a very great tendency 
to set up diseases both mental and physical, and from 
that point of view I think that the Admiralty should 
consider the use of opal lamps. Such lamps, due to the 
very excellent diffusion which they give, are, in my 
opinion, very desirable for confined spaces where men 
spend a great portion of their lives. The question of 
searchlights is very interesting. I understand that the 
policy of the Admiralty is to provide for the installation 
of from 8 to 10 searchlights in a modern capital ship 
which is now being constructed. From the lessons learnt 
during the late war, I am not in full agreement with 
this policy. When the searchlight beam was exposed 
it was possible for the enemy to take a range on the 
beam at the point where it issued from the searchlight. 
It was decided to use star shell as a means of ob- 
taining the range, and the art of range-finding became 
so accurate that it was thus possible for ranges to 
be taken on the flash of a gun in a very small period 
of time. Consequently, I do not think that at the 
present moment, or at any time in the future, searchlights 
will be of any value at all as far as the protective arma- 
ment of the ship is concerned, but for purely peace 
purposes, such as illumination required when entering 
harbours, they are naturally very desirable. For more 
reasons than one I am very glad that the author is an 
advocate of electric propulsion. Incidentally, I believe 
that electric propulsion will eventually be adopted 
universally, but there are a few applications in which 
it would not be successful. I am not in full agreement 
with the author's remarks on economy, as far as full 
speed is concerned, as I think that the electric drive 
offers more economic propulsion at all speeds. A point 
which the author has not mentioned is the manceuvring 
qualities of the electric drive. In naval work this 1s a 
very important item, and I am surprised that the author 
has omitted to mention it. My views on the electric 
propulsion problem are that British manufacturers are 
largely to blame for their lack of foresight in not attempt- 
ing to develop this very important sphere. When the 
Admiralty ask for tenders for the next capital ship, I 
suggest that one electrical manufacturer should tender 
for a complete electric installation and the whole of the 
electrical engineering industry should support him in 
order to ptove definitely that electric propulsion is 
superior to the ordinary geared-turbine drive. I should 
like to ask the author whether he has considered the 
question of controlling the elevating and training of the 
guns from the director and training and elevating handles 
directly. It seems to me that whilst the human element 
is maintained between the electrical equipment of the 
director and the hydraulic equipment of the gun, dit- 
culties are inevitable, and that accuracy is not quite as 
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possible as without the assistance of the human element. 
I would suggest that either a purely electrical means 
or an electro-hydraulic method should be used, and 
that the human element should be entirely eliminated. 
Admittedly, difficulties would arise owing to the fact 
that one gun is loading at the same time as the other 
is firing, and that the elevation problem would naturally 
have some effect on the design of the apparatus; 
consequently great ingenuity would have to be shown in 
order to overcome this difficulty. 

Mr. T. Carter: The author refers to the reports 
of the Electrical Inspector of Factories for the four 
years 1923-6, and gives the number of a.c. fatalities as 
49, against only 2 d.c. fatalities. Is it possible to ascertain 
the number of people amongst whom there might 
have been fatalities during the period in question ? 
Although the a.c. and the d.c. installations were nearly 
the same in number, were they by any chance in places 
where the number of people in possible contact with 
alternating current was greater than those in possible 
contact with direct current? That is to say, were the 
chances of fatalities equal, or unequal, in the two cases ? 
There is so enormous a difference between the actual 
numbers that further information would be valuable. 
In all probability, exact, or even approximately exact, 
figures cannot be given; but perhaps some estimate 
can be formed. The special precautions necessary to 
be taken in designing the bearings of motors used in 
warships are mentioned under the heading of '' Machin- 
ery." From what is said I gather that sleeve bearings 
are used, with provision for avoidance of trouble even if 
they are tilted 15? or 221? ; but would not ball or roller 
bearings (which I understand are permissible) always be 
very much preferable to sleeve bearings? At any rate 
in sizes ordered in large numbers, there would be no 
difhculty in having them made a regular product by 
manufacturers who are prepared to lay themselves out 
to meet the special requirements that must necessarily 
be specified. After bearings, brushes are mentioned, 
and I should like to know how the demands for various 
grades are met. Presumably brushes of standard sizes 
are stocked in several places-of-cal throughout the 
world. Is the amount of stock required increased because 
of the variety in grades of brushes used ? It is possible, 
often enough, to reduce the length of a commutator 
by mounting brushes of a particular grade; it is impor- 
tant that space should be saved in warships ; if advantage 
is taken of the chance to save some inches, perhaps, 
in the overall length of a generator, does any compli- 
cation arise out of the necessity of providing brushes 
of a special grade from, it may be, widely separated 
stores? The great progress that has been made in 
improving the efficiency of lamps has a most interesting 
and important bearing in connection with the demand 
for every possible saving in weight and space. With 
something of the order of 100 000 candle-power to 
supply, about 375 kW would be required for lamps 
taking 32 watts per candle, 125 for lamps taking 1} 
watts per candle, and only 624 for lamps taking § watt 
per candle. The saving of 250 kW between the first 
two types mentioned represents something very mate- 
rialin bulk of generating plant, as well as in running 
costs, and is a most important example of the advantages 


that come in the train of successful efforts after higher 
efficiency in every kind of apparatus. 

Mr. H. Bridges : It is interesting to note the rapid 
growth in the application of electricity in warships 
during recent years, as indicated in Fig. 1. I take it 
that this is due to the reliability of its application having 
been proved beyond doubt, and when the severity of 
the conditions, detailed on page 832, to which the 
apparatus is subjected when in service, is considered, 
this is extremely satisfactory. Under the heading 
“ System of Distribution," the author states that '' the 
system adopted must have its highest efficiency under 
action conditions." I agree with him in this contention, 
but to obtain the necessary conditions to prove the 
efficiency of any system or apparatus is somewhat 
difhcult, and I assume that up to 1914 actual war 
action conditions were not available to test the adopted 
electrical system on warships to the full. In connection 
with systems installed on land, experience has some- 
times shown that, however perfect the system is supposed 
to be, it has failed to function successfully under the 
conditions intended. It would therefore be inter- 
esting if the author would give some indication as 
to whether the system, applied to warships, operated 
as intended during the war, and whether, when a 
section of the ship was put out of action, supply 
was available to the undamaged sections. Under the 
heading '' Cables," I am pleased to note that the author 
emphasizes the importance of the cable system. Some 
power station engineers are inclined to forget that 
there is a cable system attached to the station and to 
look upon it as a secondary consideration, but it is 
equally as important as any other part of an electrical 
installation. I note that single-conductor cables are 
extensively used for the main supplies; is this because 
of the large sectional area, or to give a higher factor of 
reliability in the continuity of supply by decreasing the 
possibility of interruptions from breakdowns that would 
occur with multi-core cables ? It is surprising to learn 
that the total length of single-core conductor in use 
on a warship is of the order of 300 miles, equal to that 
in many town networks. It is not clear whether this 
is intended to refer to single-conductor cable only as 
mentioned in the same paragraph, or whether it includes 
each conductor in a multi-core cable. Some information 
as to the method adopted in locating cable breakdowns 
on warships would be of interest, for I assume that 
cable breakdowns do occur, even on a battleship. With 
reference to the loss of impregnating compound in cables 
laid vertically (referred to on page 846), causing short- 
circuits, similar cases of breakdown have occurred on 
land systems where cables are connected to switchgear, 
and on terminal poles of overhead lines. I should be 
glad if the author would elaborate upon the methods 
adopted to prevent this, as they are not clear from 
the paper. Further, owing to the considerable changes 
of temperature which take place on a warship, what is 
the experience regarding expansion of compounds in 
sealing boxes, etc., causing leakages of compound and 
burst insulators and castings, and is any allowance 
made for expansion in these cases ? 

Mr.W.C. Lambourn : Speaking asa mains engineer, 
my remarks will be confined to that branch of naval 
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electrical engineering. Whilst the mains engineers on 
land and sea have some things in common, the con- 
ditions are extremely different. The plant used by each, 
however, is subject to the same physical effects. The 
naval conditions cover naturally the land effects with 
the most severe test, which under normal conditions on 
land is not obtainable. It is therefore in anticipation 
that useful information may be obtained that the follow- 
ing questions are put, appreciating the limitations which 
the author must observe owing to the confidential nature 
of the paper. Dealing with faults on cables, these are 
expected to be due amongst others to the following 
causes: (l) Salt-water effect—What methods, if any, 
are used to prevent this? (2) Electrolysis.—Are there 
many cases of this, and what steps are taken to avoid 
stray currents in view of the dangerous nature of explo- 
sives ? (3) Drawing of cores.—It is naturally assumed 
that, owing to the severe stresses, core movement takes 
place. Has this been prevalent, and has design in the 
laying of cable and jointing been adopted to eliminate 
this? (4) Vibration.—Of the causes of lead-sheathed 
cable faults this is one of the most common, and with 
naval work one would expect to find it prevalent owing 
to gun shock, etc. What methods are taken to prevent 
this? (5) Joints.—These being subject to vibration, 
stresses and excessive temperatures, the internal and 
external design would be of great interest, as also would 
the nature of the compounds used, and the arrangements 
for expansion and contraction of the same. (6) Instru- 
ments.—What types are used for localization of faults 
and what methods where subject to damp, shock and 
vibration ? (7) Loading of cables —With the heavily- 
loaded cables, what is the current density factor 


allowed, and what allowance is made for maintained 
climatic high temperatures? (8) Consumption.—What 
arrangements are made for metering the various 
supplies, in view of the necessity for economy under 
peace conditions ? These are only a few of the many 
points the mains engineer would raise when visualizing 
his land plant under naval conditions. 

Mr. F. W. Gaskins : I regret that the '' Telephonic 
communications ” side of the question has been dealt 
with so briefly. Possibly, however, this may be due 
to their confidential nature, a reference to which, in 
connection with certain items, is given in the introduc- 
tion to the paper. The number of telephone stations 
on a modern warship is given as 700, so it will be seen 
that the installation is of considerable dimensions. 
Is the author at liberty to say what type of plant is in 
use generally ? I assume that some form of common- 
battery system would be favoured. It is stated in the 
paper under the heading “ Cables” that the total 
length of single conductor in a large warship is of the 
order of 300 miles. I should like to ask whether the 
larger proportion of this is not in connection with the 
telephone system. In Fig. 17, the hand-micro tvpe of 
instrument appears to be used. This is no doubt of 
special design. Is the same type of instrument used for 
the exchange system or are fixed transmitters used? 
It would be interesting to know whether by the “ trunk 
line " connections referred to are meant intercommuni- 
cation between exchanges on board only, or whether 
service with the land exchanges when the ship is in port 
or in dock is also included. i 


[The author’s reply to this discussion will be found 
on page 869.] 


SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 13 APRIL, 1927. 


Mr. N. B. Rosher: When engaged on electrical work 
for the Admiralty on a foreign station in 1905 I was 
requested by the Commander-in-Chief to investigate 
the coal consumptions for electrical purposes of the 
four ships comprising the squadron. On looking up 
my old notes I find that the best performance was that 
of the flagship, which consumed coal at the rate of 
$ lb. for each 16-c.p. lamp; other ships consumed 
more, the worst figure being 1 lb. of coal per 16-c.p. 
lamp! The largest dynamo on any ship was of 32 kW 
capacity, and the pressure was 80 volts. With regard 
to the shock tests which are carried out on lamps by 
the Admiralty, the author states that the tests although 
now carried out while the filament is cold will probably 
be undertaken with the filament burning, thus implying 
that the test will be more severe. I have, however, 
always been under the impression that when current is 
passing, the filament is more ductile and better able 
to resist shock. No reference is made to any experi- 
ments having been carried out with aluminium cables. 
Although salt air is not good for aluminium, I should 
have thought the fact that the surface of the aluminium 
is covered by insulation would get over that difficulty ; 
if it should still prove a difficulty to some extent, the 
advantages of the extreme lightness of aluminium would 
outweigh the disadvantages. Lead sheathing appears 
to be a universal standard for fixed cable runs—could 


not C.T.S. cables be used for fixed as well as for por- 
table circuits ? Lead is probably quite as vulnerable 
as tough-rubber sheathing, and is also subject to 
deterioration. What are the author's views in regard 
to electrically operated gun turrets? Many years 
ago the question of electric versus hydraulic operation 
was a subject of keen discussion between electrical 
engineers and gunnery officers. In the schedule of 
motor-driven apparatus fitted in large warships, auxiliary 
steering appears. Complete electrical steering gear has 
been fitted to a number of ships for some vears now 
with success, and I was personally concerned with the 
installation of an experimental steering gear on a 
1 400-ton yacht more than 25 years ago, which gave 
quite good results. What is the author’s opinion of 
this subject ? 

Mr. W. Wilson: When glancing through Table 2, 
and especially the last column giving the type of control 
adopted for the various motors, I was disappointed to 
find how few of the control installations depended 
upon contactors or were in any way automatic. In 
the realm of industrial electrification there are a number 
of types of load which, by reason of their exacting 
nature and the extreme reliability and safety to life 
that is essential in their working, could not be suc- 
cessfully operated by electrical means until automatic 
control gear had been developed. Well-known examples 
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of these are found in electric winders, mine hoists, and 
in the various drives associated with steel-works. Since 
very much the same qualifications are required for 
Naval purposes, it might have been expected that the 
same solution would have been found applicable, and 
I should like to ask the author whether he can give 
us the special considerations which have militated 
against automatic control methods. I have had an 
opportunity within recent years of studying the treat- 
ment of the same problem in the cases of two different 
foreign navies. In the first place, I was able to inspect 
the control gear of a European dreadnought built about 
the year 1912 or 1913, and I observed that practically 
all the motors were operated by means of automatic 
startors based upon the time-limit principle, about 
6 out of about 65 visible installations being non- 
automatic. In the second place, a detailed description of 
the control gear of a more modern American dread- 
nought has been recently published, and again auto- 
matic control gear was standard for motors of above 
about 50 h.p., and for numerous special instances below 
this figure. In this case the control was by means of 
contactors very closely resembling our own industrial 
practice with current-limit acceleration. It would 
be interesting to know the considerations which have 
been responsible for the difference in practice in our 
own and the foreign examples. 

Mr. C. C. Sutton: Electrical engineers will be 
reassured to find that the Admiralty are not losing 
sight of the advantages to be gained by the electric 
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Fig. A. 


propulsion of warships, and I think the paper gives 
quite an impartial statement on this question. There 
is an application of the double-rotation (Ljungstróm) 
turbine to ship propulsion which is described in Patent 
No. 155954. In this scheme, two motors are mechani- 
cally connected to one propeller, the number of poles 
being different in the two motors. For high speed, 
the two alternators of the Ljungstróm generating set 
are not connected in parallel as is usual, but are held 
at their correct speed by being electrically connected 
to the two motors of one propeller. For crusing speed, 
only one motor per propeller is needed, the current for 
this motor being supplied from the Ljungstróm sets 
with the alternators paralleled. As with other schemes, 
part of the generating plant can be shut down at the 
lower speeds. A diagrammatic view of the generating 
plant and motors for one propeller is shown in Fig. A. 


Example (1) :— 


Alternators A and B 2 poles 
Motor C . 18 poles 
Motor D . 36 poles 


High speed: A, 1 500 r.p.m. supplving C = 167 r.p.m. 
B, 3 000 r.p.m. supplying D = 167 r.p.m. 
Cruising speed: A and B in parallel at 2 250 r.p.m. 
supplying D = 125 r.p.m. 
Example (2) :— 


Alternator A 6 poles 
Alternator B 4 poles 
Motor C . 54 poles 
Motor D 36 poles 


High speed: A, 1 500 r.p m supplving C = 167 r.p.m. 
B, 1 500 r.p.m. supplying D = 167r.p.m. 
Cruising speed : A and B paralleled 
A, 1000 r.p.m. | supplying C = 112 
B, 1 500 r.p.m. r.p.m. 


Any combination of speeds can be obtained efficiently 
by this method, the motors being designed for their 
highest efficiency, as no arrangements for pole-changing, 
etc., are needed. Can the author say whether the 
application of evaporative cooling to motors and genera- 
tors has been considered ? The cooling chambers are 
put under vacuum, and water or other liquid is passed 
into these chambers, the losses being taken up in the 
evaporation of the liquid. From preliminary tests 
we have taken, this system considerably increases the 
weight-efficiency of apparatus, another advantage being 
that the temperature is independent of the surrounding 
conditions—it is settled by the degree of vacuum. 
This paper should prove a tremendous incentive to 
designers to give of their best, particularly in improving 
the weight-efficiency of electrical machinery. | 

Dr. C. C. Garrard: It is very interesting to see 
how similar principles apply in a ship as ashore. I 
refer to the ring main. It is now recognized that this is 
a very good system for land work to secure continuity 
of supply in the case of breakdowns. Apparently 
exactly the same experience has been found afloat. 
Does the author think that 220 volts is the maximum 
desirable voltage for general motor work in a ship? 
I ask this question because in a certain connection it 
has recently been suggested to use a pressure as high 
as 600 volts, and it seems to me that this would be very 
unsafe. With regard to the a.c. system of lighting 
used in aircraft carriers, has the Admiraltv considered 
using high periodicities, say 150 periods per second ? 
Professor Thornton's researches show that such high 
periodicities are very safe from the point of view of 
ignition of gas or vapours. Birmingham engineers 
will be very interested in the electrical propulsion of 
H.M.S. Adventure, seeing that the electrical plant was 
made in this city. In my view electric ship propulsion 
will develop more and more on the lines of fully auto- 
matic control. It must never be forgotten that auto- 
matic control is more reliable than hand control. If 
one wants reliability one must dispense with the human 
intermediary. Therefore any arguments based on 
alleged unreliability as applied to automatic gear in a 
ship simply beg the question. My view is that by 
putting in automatic control] and doing away with 
manual operation as much as possible, reliability is 
increased. I also fully believe that the advantages 
of automatic control, quicker and easier manceuvring, 
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etc., will be found in the long run to outweigh the greater 
bulk, weight and cost of the electric propulsion system, 
even if these exist, which I doubt. As regards the 
slightly reduced top speed, I take it that this is based 
upon the assumed lower efficiency of electric pro- 
pulsion against that of the geared turbine. I should 
be greatly surprised, however, if it is found, given two 
` ships—one electrically driven and one gear-driven— 
that it is not possible to obtain the same maximum 
speed from both of them. I think the Admiralty 
should, at any rate, let electrical] engineers see what 
they can do. 

Mr.R.R. G. Chisholm : I cannot speak of Admiralty 
practice, but possibly my experience of the allied 
Merchant Service may be of interest. The use of electri- 
cal machinery on board ship has continually progressed 
since the early days, and our modern installations, 
which may reach 1500 or 2000 kW, would, not 
many years ago, have been regarded as dreams. This 
is a result of the increasing standard of luxury set up 
in large passenger vesels, demanding the convenience, 
comfort and cleanliness of electricity for many purposes 
and also, perhaps mainly, the development of the use 
of internal-combustion engines for marine purposes. 
The absence of steam or other method of driving 
auxiliary machinery compelled the use of electricity, 
and the more experience we merchant marine engineers 
have of it, the more we like it. Apart from the some- 
what heavy capital cost, and the necessity of carrying 
adequate spare generator capacity, very substantial 
economies are shown, as compared with the old, inefh- 
cient steam-driven auxiliaries. When I say that in a 
cargo vessel of 6 000 to 8 000 h.p. the auxiliary con- 
sumption with steam turbines reached a ratio of 30 per 
cent of the total, while with electrically-driven auxili- 
aries we anticipate a ratio for propelling auxiliaries 
of something under 15 per cent of the total fuel bill, 
it will be appreciated that the saving of 15 per cent or 
thereabouts is an item which represents a great deal 
of capital. It is, therefore, increasingly the practice 
in modern high-powered steam ships to use Diesel- 
electric auxiliary machinery, except for such purposes as 
heating water and so forth. It is not easy to establish 
a similar comparison in the case of Diesel-driven main 
installations, since these are generally, of necessity, 
electrically operated as far as auxiliaries are concerned, 
and we have no other data with which to compare 
them, except in one or two instances where steam 
auxiliaries have been fitted, two of which are actually 
under my own supervision, and concerning which I 
can say that the saving with electrical auxiliaries would 
probably exceed 25 per cent rather than 15 per cent. 
I gather from the trend of the discussion that the 
principal interest of electricalengineers is in the question 
of the main propulsive transmission system. Here the 
conditions are difficult to determine, and it is unwise 
to be dogmatic. I have been closely associated with 
the design and construction of two of the few electrically- 
propelled ships built in this country. Both these ships 
have, up to the present, been what are commonly 
regarded as failures, but in neither case can the failure 
be attributed to the electrical part of the installation : 
in each case the failure is due to the prime mover. 


The S.S. Wulsty Castle was built in the early days 
of the war, although projected before, and, experi- 
mental work being then at a discount, was never given a 
fair chance, either during construction or in running. 
The boat was fitted with twin Ljungstróm turbine 
installations, operating a.c. three-phase, 50-cycle, 
750-volt generators, and the total installation amounted 
to about 1500 s.h.p. delivered to the propeller. The 
power was utilized in two induction motors of the 
squirrel-cage type, directly driving, through a single 
reduction gear, a single propeller shaft. The generators, 
I believe, ran at about 3200 r.p.m., the motors at 
700 r.p.m.—or whatever is the nearest equivalent in 
step—and the propeller at about 90 r.p.m. The speed 
control was effected through liquid resistances of the 
alkali type. The electrical part of this installation ran 
extremely well, but unfortunately, for reasons of adver- 
tisement, the' builders decided to use boilers which were 
far too small for the job, they having, from land data, 
estimated far too low an average steam consumption 
for the turbines and failed to take into account the 
sea-going conditions. The result was we could not keep 
up the boiler pressure; this had the effect of reducing 
the speed and, as the power required to propel a ship 
varies as the cube of the speed, while the revolutions of 
the motor are determined by the pitch of the propeller 
for any speed, we at once found ourselves in trouble, 
and were never able to run this ship properly at any 
speed without the intervention of the liquid resistances, 
which, not being built for such continuous service, 
speedily gave out. After an inglorious career, the 
vessel was laid up, and has recently been fitted with 
another system of Diesel propulsion, utilizing the well- 
known Fóttinger “ transformator.” The second vessel, 
of which I have intimate knowledge, is “ La Playa." 
This vessel is of the Diesel-electric type, and, once 
again, the electrical part of the installation functions 
admirably, and, I understand, gives the owners complete 
satisfaction. Unfortunately, the prime mover is of a 
type which has not proved successful, and the ship 
is now laid up for the installation of Diesel motors 
of another type, which we hope will be more satis- 
factory. With regard to the future, I should say that 
the prospects of electrical transmission for main pro- 
pulsion, in the average cargo vessel up to 15 000 tons 
dead weight, say 10 000 h.p., of 14-15 knots speed, are 
not very hopeful, and it is vessels of this class or 
smaller classes which, in numbers, represent 75 to 80 
per cent of the world’s shipping. We have in the direct 
Diesel engine a reliable prime mover, which can be 
coupled, through shafting, direct to the propeller, and for 
simplicity and cost this arrangement cannot be beaten, 
particularly as we can reduce the size of the reciprocating 
Diesel engines by running the propellers at a much higher 
speed than we have formerly been accustomed to use. 
These improvements in conditions are due to the 
possibility of testing the individual ship's model, with 
its propeller and other appendages, in the testing tanks— 
thereby obtaining data which permit us to fit a propeller 
suitable to the lines of the ship and to the designed 
speed of the machinery. With regard, however, to 
the high-powered passenger vessel, say above 20 000- 
25 000 h.p., the possibilities of electrical transmission, 
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both of the Diesel-electric and the turbo-electric types, 
are decidedly rosy and I look forward with confidence 
to developments on these lines. The fact that machinery 
of this type can be kept so low in the ship, permitting 
the maximum use being made of the decks above, 
is a decided advantage and one which probably out- 
weighs the disabilities of cost and weight. I am not 
at all sure that the very high-powered direct Diesel- 
driven propositions, of which we hear a good deal from 
foreign countries, but see very little, are soundly con- 
ceived, and I am afraid that the cost of maintenance 
and upkeep, due to the necessarily heavy individual 
parts, will be excessive, and the reliability of the very 
large Diesel engine has not yet been properly demon- 
strated. The question of high cost will, I am convinced, 
be solved in time by the more general adoption of 
standard motors, control gear, etc., enabling the manu- 
facture to be simplified, and in the latest installations 
for which I am responsible we are steadily approaching 
this end. These standards, however, must be such as 
will satisfy the marine engineer, who is exacting, not 
so much in respect of theoretical efficiency as in stout- 
ness and robustness of design and construction, and 
reliability of operation. As I have said, the Merchant 
Service will follow Admiralty practice as closely as pos- 
sible, regarding it as an ideal to be aimed at, but since 
we are spending our own money we cannot always afford 
these high standards. This remark must not be taken 
as being in any sense derogatory to those responsible 
for the experimental work carried out by our great 
national service, since I and, I think, most of those 
associated with me find it our duty and our pleasure 
to regard the cost as being, in some measure, a national 
contribution to the sum total of scientific knowledge 
to the electrical industry. 

Mr. F. H. Mann: The author's remarks on the 
development of cables and insulating materials for 
Switchgear clearly show the need for prolonged 
research on the behaviour of materials under specific 
conditions. It was under sea-going conditions that I 


first lost some faith in lead as a cable sheath and in 
micanite as an insulator. In the former case sudden 
failures were occasionally experienced, especially in 
exposed situations, owing to the fact that the lead 
disintegrated under a skin of oxide which had the 
appearance of an intact sheathing. Failures of micanite 
insulation, where used to insulate contacts clamped 
to bars, etc., were fairly frequent, especially if the 
leakage paths were not ample, and I am not surprised 
that experiments with different varnishes have been 
made towards eliminating this trouble. The historical 
survey given in the paper clearly shows the rapid 
development of the use of electricity in warships, and 
this was particularly marked during the war, especially 
in regard to such apparatus as searchlights. On first 
joining my ship I was called upon to design an improved 
mechanical control gear, and this was installed in the 
ship. Less than a year afterwards the projectors and 
lamps had been replaced by 36-in. projectors with 
Harrison lamps, and the mechanical control gear was 
superseded by remote electrical control for which the 
further refinement of the convergence correctors was 
being attempted. As to the capacity of electrical ap- 
paratus for withstanding shock, it has often been 
found that gunfire which caused considerable damage 
in other directions left electrical apparatus practically 
unaffected. The question of weight saving has evi- 
dently been under consideration in the new designs, 
and there is no doubt that many of the ships in com- 
mission during the war carried many tons of unnecessary 
metal in their electrical apparatus. In this connection 
it may be of interest to recall that in the German 
battle-cruiser Hindenburg, which I inspected immedi- 
ately after the surrender, the enclosed fittings were of 
lighter character, steel in place of cast gunmeta] being 
more freely used. The distribution was carried out by 
circuits radiating from central switchboards, as distinct 
from our practice of using a ring main, each set having 
its own switchboard with change-over switches to allow 
any set to be connected up for service. 


THE AUTHOR’S REPLY TO THE DISCUSSIONS AT LONDON, NEWCASTLE AND BIRMINGHAM. 


Mr. W. McClelland (in reply): When invited by 
the Council to prepare a paper on “ The Applications 
of Electricity in Warships,” I felt it hardly possible to 
deal with such a variety of subjects in a sufficiently 
condensed manner without being too vague in parts, 
and I can assure Dr. Jakeman that it would have been 
easier to have compiled the book he proposes than to 
have written the paper. The difficulty was, not what 
to put in the paper, but how much could reasonably be 
left out. 

Various speakers have dealt with the subject of 
propulsion ofships. Control ofthe propulsion machinery 
from the bridge, as suggested by Dr. Garrard, though 
eliminating the telegraph between the bridge and the 
engine room, would, on the other hand, introduce 
complicated apparatus and reducesimplicity. Simplicity 
is very important in all apparatus or schemes proposed 
in warships, and it is for this reason, as pointed out by 


‘merchant ships can be made. 


Mr. Constable, that automatic switchgear is not always 
desirable. Under action conditions, simplicity is practic- 
ally synonymous with reliability, and the less dependence 
is placed on apparatus which might be put out of action 
by gunfire, the less liable is the fighting efficiency of the 
ship to be affected. These remarks are applicable also 
to the question of Mr. Wilson regarding the extended 
use of automatic switchgear. 

Definite conclusions on the subject of electric pro- 
pulsion are not easily given. It is a fact, however, 
that no general conclusion embracing both warships and 
In the merchant ship the 
use of electric propulsion machinery is governed by its 
effect on the profit-earning power of the ship, whereas 
in a warship the choice of equipment is governed by the 
effect on fighting ability. If an economical cruising 
speed is desired, then a strong case can be put forward 
for electric propulsion. If, on the other hand, maximum 


870 McCLELLAND: APPLICATIONS OF ELECTRICITY IN WARSHIPS: DISCUSSION. 


speed is sought, then, to be successful, electric propulsion 
must offer a system which is as economical in fuel, 
weight, and space as the geared-turbine drive. 

The development of Diesel-electric propulsion has 
been referred to by one or two speakers, including Mr. 
Regnauld, and I am convinced that this system has 
great possibilities within certain limits of shaft horse- 
power. It is somewhat difficult to understand why the 
speed of 250 r.p.m. was thought too high for the 
825-b.h.p. Diesel engines of the “La Playa," in view of 
the fact that in “ Adventure" the 2 100-b.h.p. engines 
run at a speed of 343 r.p.m. 

Mr. Chisholm's remarks are agreed to, both in regard 
to the saving often possible by the use of electric 
auxiliaries in place of steam and in regard to the sugges- 
tion that there are definite legitimate spheres for the 
direct-connected Diesel, Diesel-electric, and turbine- 
electric drives. 

The interesting remarks made by Mr. Scott regarding 
the work of the late Mr. C. H. Wordingham are much 
appreciated, and it is agreed that the steel and micanite 
method of control-gear construction as introduced by 
Mr. Wordingham still remains the most suitable for 
naval work. Developments with synthetic compounds 
may, however, eventually produce the substitute for 
micanite desired by Mr. Mann. In this connection, I 
agree with the remarks of Dr. Garrard respecting in- 
sulation. Much of the mechanical weakness of mica 
has been overcome by careful design. Bakelized paper 
has been used with success, although in certain cases 
the difficulty with surface leakage has had to be 
obviated. It is found that the hygroscopic nature of 
certain varieties of bakelite materials is a serious 
objection to their use. 

Various speakers have referred to the subject of 
cables. It may be stated in reference to the remarks 
of Mr. Baldwin that vibration is not the chief difficulty 
to be met. The worst condition is undoubtedly high 
temperature. Vibration, however, leads to cracking of 
the sheathing in lead-sheathed cables, and to crystalliza- 
tion of the lead, and these effects have been experienced 
mainly where a cable leaves a run and passes through a 
bulkhead gland. 

Mr. Campbell Swinton's historical account of the 
introduction of lead-sheathed rubber-insulated cables 
is very interesting and he is to be congratulated on 
selecting this type of cable, which has stood the test of 
peace and war service and has been used in practically 
every navy for over 40 years. 

Mr. Allcock suggests that spirally-applied canvas 
would give better results than longitudinally-applied 
canvas in the cable shown in Fig. 13. It was found that 
with the canvas applied spirally it had a tendency to 
break when the cable was bent over a small radius and 
also that it contributed less to the resistance of the 
sheathing to tensile stresses than when longitudinally 


applied. Forcertain large tough-rubber-sheathed flexible: 


cables a rubber cradling between conductors is employed. 
For smaller flexibles the advantages are less marked. 
Mr. McKinnon asks what is regarded as '' reasonable 
battery life." I confess to an optimism which aims 
ultimately at a life equal to that of the submarine. 
It is interesting to learn that the batteries mentioned 


by him have already achieved a life of 10 years in sub- 
marines of the U.S. Navy, and a similar performance is 
therefore anticipated in this country. 

I am fully in agreement with Mr. Rickets that there 
should be as little time-lag as possible between the 
conclusion of experimental or research work and its 
application in service. He will appreciate from the 
remarks of Mr. Williams that the value of research and 
experiment as an aid to progress in naval electrical 
engineering is well recognized. 

The scheme indicated by Mr. Sutton has been given 
consideration and, although it may possess advantages 
in certain instances, practical difficulties in operation 
would apparently arise. The cooling of motors by the 
evaporation of water or other liquids has been considered, 
but, in the particular case investigated, the total space 
required was greater than that needed by other satis- 
factory methods. 

Mr. Ross raises the question of the shock test of 
lamps, and, whilst it is agreed that continuous vibration 
reduces the economic life of the lamp, resistance to 
reasonable shock is of primary importance since the 
lamp is liable to suffer shock from the moment it is 
installed. The shock test, however, introduces a certain 


amount of vibration. 


Mr. Rosher asks why it may be decided eventually to 
shock-test lamps when burning. It is a fact, which has 
recently been proved experimentally, that the metal fila- 
ment is less able to resist shock when hot than when cold. 

With reference to Mr. Jackson's remarks, alternating 
current is used for hummers for the reason of reliability, 
and capital cost is not increased by its use. The 
suggested employment of a number of control boards 
is unnecessary, since precautions are taken to obviate 
the danger he mentions. 

In reply to Mr. Carter, the Electrical Inspector of 
Factories does not state the number of people exposed 
to danger. The use of ball bearings is becoming more 
general for warship motors, and ball bearings have been 
adopted in the motors made to Admiralty design. As 
far as possible, the grades of brushes used are limited 
to two of British manufacture, in order to reduce the 
number of spares necessary. 

Mr. Bridges asks whether the ring-main system 
operated successfully under war conditions. No serious 
interruption of any kind occurred, even though ships 
received much damage. The 300 miles of single con- 
ductor mentioned refers to the total length of cable 
used. This will clarify the point raised by Mr. 
Gaskins. Single-conductor cables are used, for reasons 
of reliability and simplicity, for the lighting and power 
circuits. Means are provided for the ready location of 
faults. 

Mr. Lambourn's questions would require a separate 
paper to answer fully. The special conditions he 
mentions are taken care of by special design. As regards 
the current density employed for cables, the 1.E.E. 
Regulations are adhered to. On board ship there is no 
point in metering the various supplies, and the use of 
non-essential instruments is avoided. 

Mr. Vines's remarks on the early history of the helm 
indicator are interesting. 

I should like to reply briefly to various other points 
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taised. For searchlights, the arc is the only practicable 
source of light. In my opinion, for the general supply of 
the ship, the maximum permissible pressure above earth 
should not exceed about 220 volts, and I agree that 
600 volts for normal operation is to be regarded as an 
unsafe pressure. In constant-current systems, when 
one motor stalls, the line current passes through the 
armature although the latter does not rotate. The 
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armature and brushes have to be capable of carrying 
the line current under standstill conditions without 
burning or overheating of the commutator. Calcula- 
tions indicate that aluminium cables would give little 
reduction in total weights owing to the extra volume of 
insulation, larger glands, etc. 

In conclusion, I should like to thank the many members 
who have contributed to the interesting discussions. 


THE CALIBRATION 


AND PERFORMANCE OF THE RAYLEIGH DISC.* 


By E. J. BARNEs and W. WEsT, B.A., Associate Members. 
(Paper first received. 13th May, and in final form 19th July, 1927.) 


SUMMARY. 


In Part 1, possible methods of calibrating a Rayleigh disc 
are discussed, and details are given of a comparison between 
two of these, namely, by means of low-frequency alternating 
air currents and by calculation based on the theoretical 
formula. 
the latter has been adopted as the most convenient practical 
method of calibration. 

In Part 2, comparisons are made between Raylcigh discs 
of different sizes and compositions, both in spherical sound 
waves and in a closed resonating tube. The influence of 
internal resonances of mica discs on velocity measurement is 
investigated. 

In Part 3, comment is made on practical considerations 
aftecting acoustic measurements by means of a Rayleigh disc. 


INTRODUCTION. 


The use of the Rayleigh disc for acoustic measure- 
ments has become increasingly important owing to recent 
developments in telephony. At present, so far as is 
known to the authors, only three devices have been in 
use for sound measurements in absolute units, namely, 
the ‘‘thermophone,” t the “ compensator " 1 and the 
Rayleigh disc.§||Q Of these the first two have been 
used for measuring the acoustic pressures exerted on a 
diaphragm, or similar obstruction to sound, the Rayleigh 
disc being the only known means of measuring directly 
the air-particle velocity at a point in a sound field. In 
this connection it may be remarked that a Rayleigh 
disc offers a minimum of obstruction to the sound field 
into which it is introduced, and, further, that it has 
directional properties, that is to say it can be used to 


* The Papers Committee invite written communications (with a view to 
publication in the Journal if approved by the Committee) on papers published 
in the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper tp which they relate. 

+ H. D. ÁnNorpand [. B. CRANDALL : Physical Review, 1917, vol. 10, p. 22. 

t E. Grntacu: Wissenschajtlhiche Verdtfentlichungen aus dem Sicmens- 
Konzern, 1923, vol. 3, p. 159. 

§ W. ZERNOW: Annalen der Physik, 1908, vol. 26, p. 79. 

|| E. MarrETT and G. F. Duttox: Journal 1.E.E., 1925, vol. 63, p. 502. 

T n. S. COHEN, A. J. ALDRIDGE aud W. WEST: Journal 1.E.F.., 1926, vol. 6, 
p. 10233. 


In consequence of agreement found between these, ' 


determine the direction of motion of the sound wave. 
The chief disadvantages to its use are inherent in the 
apparatus required for observing the angular deflection 
of the disc, and in the necessity for excluding draughts. 
The latter difficulty can to a large extent be overcome 
by the use of a suitable draught screen. 

The measurement of sound can be effected adequately 
by means of a single observation of either pressure or 
velocity, provided that the distribution of the sound 
field is known, as is the case, for example, in a resonating 
tube or in an acoustic testing chamber wherein a 
spherical sound wave can be maintained.* 

It is a matter of common knowledge that a flat 
obstacle immersed in a fluid stream tends to turn its 
flat side to the direction of motion. The direction of 
the angular displacement of the obstacle is still the same 
when the direction of motion of the fluid is reversed, 
and the tendency of the obstacle to rotate will therefore 
be maintained when the motion of the fluid is alter- 
nating. Lord Rayleigh suggested the use of this 
phenomenon for the purpose of acoustic measurements.f 

The torsional effect on a body suspended in a fluid 
stream has been investigated theoretically by König f in 
the case of a body having the geometrical shape of an 
ellipsoid, the simplest form of which, both for construc- 
tion and for calculation, approximates to a thin circular 
disc, and the present investigation has been restricted 
to the use of circular discs. The whole of the investi- 
gation was carried out in the Post Office Engineering 
Research Laboratories, and it is particularly concerned 
with the performance of small mica discs such as are 
described later and are used in the Post Office Engineering 
Research Section for the purposes of acoustic measure- 
ments. 

The paper is divided into three parts, the first of 
which deals in general with methods of calibration of a 

* E. MALLETT and G. F. Dutton, loc. cit. ; also B. S. Conen, A. J. ALDRIDGE 
and W. West, loc. cit. 


+ Philosophical Magazine, 1882, vol. 14, p. 186. 
1$ A. KOsic: Annalen der Physik und Chemic, 1891, vol. 43, p. 43. 
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Rayleigh disc as an instrument for measuring small 
air-particle velocities, and describes the method that 
has been adopted for calibration. The second part is 
concerned with comparative tests between discs of 
different sizes and composition at audio frequencies, 
and with the effects of internal resonance of mica 
discs. In the third part are summarized general con- 
siderations affecting acoustic measurements and the 
errors liable under different conditions of use. 


Part 1. 
(1) FUNDAMENTAL CALIBRATION. 


There appear at present to be four methods by which 
a fundamental calibration of a sensitive Rayleigh disc 
may be effected :— 


(a) By means of a continuous air stream. 

(b By means of a low-frequency alternating air 
stream. 

(c) By measurements of the constants of the suspend- 
ing fibre and disc and the application of Kónig's 
formula. 

(d) By means of a known air impulse giving a ballistic 
throw. 


(a) Calibration by means of a continuous air stream.— 
Discs have been calibrated by means of a continuous 
air stream,* and good results are possible with fairly 
heavy and not too sensitive discs, but as the sensitivity 
is increased and the discs are made lighter the difficulties 
of getting accurate and consistent results rapidly in- 
crease. A number of different ways of obtaining the 
known, steady, air current and of eliminating eddies 
and uneven motion of the air have been tried, but at 
the very low velocities required there is great difficulty 
in getting the air stream uniform and steady. Also, 
the disc has to be hung absolutely symmetrically on 
the fibre, as, although some lack of symmetry is not 
serious with alternating air flow, it is fatal with a con- 
tinuous flow. With larger, heavier and less sensitive 
discs the difficulties are not so great. 

(b) Calibration by means of low-frequency alternating 
currents of air.—Zernow t made some tests of Rayleigh 
discs and, as far as the authors are aware, these form 
the only previous experimental investigation of the 
accuracy of Kónig's formula. Zernow used alternating 
currents of air at a single frequency of 91-5 cycles per 
second and air velocities ranging from about 20 to 
about 40 cm per sec. (R.M.S.). He surrounded the disc 
by a cylinder attached to the arm of a tuning fork 
electrically maintained in vibration. The amplitude of 
motion was measured by means of a microscope. 

Information was especially desired concerning discs 
capable of measuring velocities of the order of 0-1 to 
1-5 cm per sec. (R.M.S), and a method similar to 
Zernow's was adopted. The disc was enclosed in a 
small box (see Fig. 1) attached to a tube, flexibly anchored 
at its top end, enclosing the suspending fibre. The box 
was also anchored to one of the walls of the acoustic 

* E Marrzr and G. F. Dutton, loc. cit. ; 


and W. Wzsr, loc. cit. 
t Loc. cit. 


also D. S. Conen, A. J. ALDRIDGE 


chamber, in which the disc is usually used, by means 
of a light wooden rod. It could therefore move in one 
direction only in (for small displacements) substantially 
a straight line, the tube support and wooden rod bending 
slightly. It was caused to oscillate in this direction by 
means of a second wooden rod connected to a wooden 
rocker. This latter could rock on two points and was 
oscillated by a steel ball rubbing on a flat disc fixed at 
an angle to a rotating spindle. Two strong springs 
took up lost motion. With such an arrangement, 
provided there is no shake in the moving parts, the 


Sectional 
elevation 


connecting 
rod 


Contact drum 
and brushes for 
measuring speed 


Sectional plan 


Motion measured here 
by microscope 


Fic. 1.—Apparatus used for alternating air-current tests 
of Rayleigh disc. 


motion of the ball, and hence of the box surrounding 
the disc, will be simple harmonic. The amplitude of 
motion was measured by means of a microscope with 
graduated eyepiece. The speed was measured by 
causing a contact on the cam spindle to mark the tape 
of a Wheatstone telegraph receiver which was also 
marked by impulses from a seconds pendulum. 

In order that the velocity should be of the order 
required and that the amplitude of stroke could be 
measured by means of a microscope of convenient 
power, it was necessary to use very low frequencies 
(1 to 30 cycles per second). This was also necessary 
in order to limit the internal vibration in the moving 
system. 

At these low frequencies it can be considered that the 
air in the small box surrounding the disc will move as 
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a whole (the box being very small compared with the 
wave-length) with an R.M.S. velocity of 


v = maf[4/2 


where a = total amplitude of oscillation, and 
Jf = frequency. 


In practice a was varied from 0-02 to 0-2 cm. 

The results obtained are given later. 

(c) Calibration by means of Kónig's formula.—K@nig * 
theoretically investigated the behaviour of the Rayleigh 
disc, and his formula for a thin circular disc in a friction- 
less fluid moving in pure sine-wave motion states that 


. Torque = F = }pd*v? sin 20 


where p — density of fluid, 
d — diameter of disc, 
v = R.M.S. velocity of fluid, and ; 
0 = angle between a perpendicular to the disc 
and the direction of the fluid velocity. 


The disc is usually set so that 0 = 45? and sin 20 = 1. 
The angular deflection d = F/S, where S = moment of 
torsion of the suspending fibre. S can be found by 
measuring the periodic time of oscillation of any body 
of known moment of inertia suspended on the fibre. 
There is a small correction due to damping. Thus if 
T = periodic time, I = moment of inertia, and D 
— ratio of two consecutive swings in same direction, 
we have 


= man? + (log, D)?) 


The practical application of this method is detailed 
in Section (3). 

(d) Calibration by means of a ballistic throw.—It 
appears that it should be possible to calibrate a Rayleigh 
disc by means of a ballistic throw. Since, however, 
the deflection torque is proportional to the square of 
the air velocity it would be necessary to apply an 
impulse of which the velocity/time curve was known. 
The impulse could be either undirectional or consist of 
a double impulse, first in one direction, followed by 
one in the reverse direction, provided the whole impulse 
was over before the disc had appreciably moved. This 
method has not been tried. 


(2) COMPARISON OF METHODS (b) AND (c) OF FUNDA- 
MENTAL CALIBRATION. 


Methods (b) and (c) gave the most reliable and con- 
sistent results, and a series of tests were made on a 
number of different discs in order to determine the 
relationship between these two methods of calibration. 

Throughout the tests the scale deflection has been 
taken as proportional to the angular deflection of the 
disc, and no correction has been applied for the small 
deviation from the 45? position of the disc. These two 
errors tend to cancel each other, and for the maximum 
deflection used, corresponding to an angular displace- 
ment of the disc of 5°, the correction to be applied is 
negligible (about 0-25 per cent of velocity). For the 


* Loc. cit. 


apparatus as set up, the deflection (in scale divisions) 
= d/0- 00394. 

It was found that with very light discs (for example 
of mass 0:0013 g and diameter 0:8 cm) differences of 
the order of 10 per cent might be obtained between 
the two methods of calibration, whereas much better 
agreement was obtained with a disc of the same diameter 
but having a mass of about 0-006 g. 

Investigations were accordingly carried out with 
larger and heavier discs. 

Several discs of different sizes and weight were 
examined, and the curve in Fig. 2 is a typical example 
of the results obtained. Fig. 2 is for a silvered glass 
disc having the following constants :— 


Mass of disc = 0:0764 g 
Diameter of disc = 1:223 cm 
Periodic time (T) = 12-80 secs 
Ratio of consecutive swings (D) — 1:62 


S — 0-00169 
v — 0-042554/ (deflection) 


Hence 
and 


Thirty-four points obtained by alternating air-current 
tests gave a mean value of 


v = 0:042654/ (deflection) 


which is in excellent agreement. All the points except 
six, taken chiefly between 4 and 9 cycles per second, 
lie almost exactly on the mean curve. 

In the case of a somewhat smaller glass disc having 
the constants :— 


Mass of disc is = 0:0622 g 
Diameter of disc ia .. = 0-946 cm 
Periodic time (T) = 7-19 secs 
Ratio of consecutive swings (D) = 1:30 


S = 0:00268 
v = 0-07914/ (deflection) 


whence 
and 


alternating air-current tests gave a mean value of 
v — 0-07774/ (deflection), but some points were con- 
siderably off the curve. It was noticed with all the 
discs that at certain air velocities (different for different 
discs) there was vibration of the spot of light, whereas 
at other velocities the spot remained very steady. In 
the case of the last disc referred to above, a rough 
calculation of the four principal natural periods of the 
suspended system gave 


fo (vibration about the vertical 
diameter, 1/T) 

J, (vibration about the horizontal 
diameter) : 

Ja (vibration about the horizontal 
axis perpendicular to disc) .. = 10 cycles per sec. 

Js (whole system as a simple pen- 
dulum) ET ia ij 


= 0-14 cycle per sec. 


= 14:5 cycles per sec. 


0-9 cycle per sec. 


A large vertical vibration of the reflected spot of 
light occurred at about 15 cycles per second, which 
agrees with f,. jf, would not give any appreciable 
motion of the spot, but errors at about this frequency 
were found. 
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It thus appears that when using a comparatively 
heavy disc, so long as resonant frequencies are avoided, 
low-frequency alternating air currents give results in 
close agreement with theory. 

With a light disc, however, it has not been found 
possible at frequencies between 1 and 20 cycles per 
second to get consistent results. It was concluded that 
this was due to the disc not remaining absolutely still 
at low frequencies, which are never far distant from the 
natural frequencies of vibration of the suspended system. 

It may be mentioned that in the case of one very 
light mica disc which gave errors of the order of 8 per 
cent as first tested, the addition of a flattened wire 
cemented across the vertical diameter practically 


Glass disc radius = 0-6115cm 
0-4 - - mass = 0-0764g 

Periodic time = 12-08 secs. 

Decrement ratio = 1-62 


Moment of torsion 
of fibre 


per radian 


Air velocity mean square (cm. per sec.) 


= 0:00169 cm-dyne 


minations of d and S are made, but resonances at audio 
frequencies may occur owing to vibrations of the disc in 
its natural modes as a free circular plate. The effect 
of such resonances with mica discs has been investigated 
and is referred to in Section (7). 


(3) THE PRACTICAL APPLICATION OF KGNIG’S FORMULA 
TO THE CALIBRATION OF A RAYLEIGH Disc. 


In consequence of the agreement found between the 
two different methods of calibration, method (c) was 
adopted as being the most simple and accurate for 
working purposes. 

The very light discs used for sound measurements do 
not lend themselves readily to an accurate determination 


m 


By Kónig's formula:— 


Deflection — 552 (air velocity)? 
= Alternating air current (tests on plain disc 
- " " " " ^" disc 
with obstructions on both faces 
Figures indicate frequency used 
(cycles per second) 


80 


160 200 240 


120 
Deflection scale divisions 


Fic. 2.—Rayleigh disc calibration by alternating air flow. 


Glass disc radius = 0:6115 cm, 
» s» Mass = 0:0764 g. 
Periodic time = 12:08 secs, 


eliminated the error. This load on the disc has the 
effect chiefly of reducing the range of frequency over 
which the disc will respond to vibration in any of its 
natural modes (except fọ) and generally tends to hold 
the disc steady in the air current. 

Some tests were made to investigate the effect of the 
mirrors used on the mica discs. A piece of glass was 
cemented on each face of the glass disc (1:223 cm 
diam.) mentioned above, the dimensions, in comparison 
with the size of the disc, being roughly in the same 
proportion as those of the mirrors used on the small 
discs. Points obtained with these additions are shown 
in Fig. 2 and indicate that the mirror produces no 
appreciable effect. 

The sources mentioned above of error between the 
disc deflection obtained from theory and alternating 
air-current test do not seriously affect the use of the 
disc at audio frequencies, provided that accurate deter- 


Decrement ratio = 1:62. . 
Momen tof torsion of fibre = 0:00169 cm-dyne per radian. 


of their moments of inertia, i.e. to the measurement of 
the moment of torsion S of the suspension. In order 
to obtain the value of this constant the following 
method of calibration was employed :— 

A calibrating disc, comprising a thin microscope 
cover-glass, is weighed and measured and its moment 
of inertia about a diameter is calculated. A spot of 
shellac is melted on to one face of the disc at a point at 
the edge, and the suspension fibre is laid out with its 
free end touching this spot of shellac, the disc being 
aligned by eye so that its centre lies in the direction ot 
the fibre. A hot iron is brought sufficiently near to 
the shellac to melt it. The calibrating disc, thus 
suspended from the fibre, is next placed in a draught- 
screened enclosure and several readings of its time of 
swing, T', are made and the average taken. The value 
of S can now be calculated. 

Finaly the calibrating disc is taken off suspension 
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by the application of a hot iron near the shellac, and 
the Rayleigh disc—the diameter of which has been 
accurately measured—is attached by the same means. 
The complete data are thus available for the calculation 
of the relationship between disc deflection and air 
velocity. 


As an example of the application of this method and * 


the accuracy obtainable, the following particulars are 
cited of the calibration of the suspension of a disc 
(referred to later as disc B). 

Two calibrating discs were used; disc No. 1 had a 
diameter = 1-222 cm, mass = 0:0668 g, moment of 
inertia = 0-000623, while disc No. 2 had diameter 
= 2-201 cm, mass = 0:2396 g, and moment of inertia 
— 0-0725. 

Disc No. 1 was suspended and the periodic time ob- 
served. The disc was then taken off and again put on 
suspension and the time taken; this process was 
repeated a third time. The observed times were 
T = 1-61, 1-61 and 1-62, and the corresponding values 
of S for the three tests were S = 0-095, 0-095 and 
0:094. The decrement was negligible. 

Disc No. 2 was then suspended from the same fibre 
and the periodic time was observed to be T' = 5:53 sec., 
giving S = 0-0935. 

A disc that has been found very suitable for use at 
audio frequencies is one of mica, about 0:8 cm diameter, 
having a thickness of about 0-0025 cm and a mass of 
the order of 0-002 g. A glass mirror is attached, by 
means of a little shellac, to the centre of the disc, the 
surrounding portions of which are blackened with 
indian ink. The mirror is about 0-1 cm square and 
weighs about 0-0005 g. The fibres used are drawn by 
hand from small soda-glass tubing melted in a blowpipe 
flame. 

When attached to a fibre about 30 to 40 cm long 
having a moment of torsion (S) of about 0-0017 dyne-cm 
per radian, such a disc is capable of being used to 
measure velocities down to about 0:25 cm per second 
with sufficient accuracy for most purposes. The 
movement is quick and nearly dead-beat, and the 
apparatus is surprisingly robust. 


Part 2. 


(4) PERFORMANCE OF RAYLEIGH Discs AT AUDIO 
FREQUENCIES (SPHERICAL WAVES). 


Since a direct calibration of a Rayleigh disc could not 
be made at audio frequencies, it was thought desirable 
to obtain information as to its performance at these 
frequencies by means of a comparison between the 
performances of discs of different sizes and compositions 
when subjected to the same sound. Especially was 
this information required at frequencies at which the 
disc can no longer be considered to be small as compared 
with a wave-length of sound. 

For this purpose discs were prepared as shown in 
Table 1. 

Each disc had a small silvered-glass mirror stuck on 
the centre for reflecting the spot of light. Disc A is of 
the kind [described in Section (3)] which is in use for 
acoustic testing. The discs were separately suspended 
on suitable fibres to give sensitivities of approximately 


v = 44/d. The calibration in each case was effected by 
the method described in Section (3). 

Tests were made in each of two acoustic testing 
cabinets, the smaller of which has been described 
previously,* the other being similarly constructed on a 
larger scale. With the long period and light damp- 
ing of the larger discs, the zero position was liable to 
wander during observations. This effect was attributed 
to small air currents such as might be caused by con- 
vection. The trouble was overcome by the use of 
draught screens made of open-mesh fine silk fabric. 

Comparison was made in each case with the smallest 
disc, A, which was taken as standard since its dimen- 
sions were small as compared with all wave-lengths 
used. Sound sources were used f at frequencies ranging 
from 460 to 4200 cycles per second. The two discs, 
namely the standard disc and the disc under test, were 
suspended in turn at the same point in space, and the 
deflection due to the sound was recorded. This method 
necessitated precautions to ensure that the sound was 
the same for the two discs, and for this purpose a con- 


TABLE 1. 
Disc Diameter Thickness Material 
cm cm 
A 0-79 0-0025 (about) | Mica 
B 3-06 0-026 Cardboard 
C 6-18 0-013 Mica 
D 6-0 0-023 Bakelized paper 
E 1-64 0-023 Bakelized paper 
G 1:6 0-0045 Mica 


denser transmitter was mounted in a convenient position 
in the cabinet, and the output voltage therefrom was 
recorded. In spite of this precaution repeated readings 
showed that variations were liable to the extent of about 
10 per cent in velocity measurements. It appears 
that these were due to the facts that a considerable 
time interval elapsed between the observations on the 
two discs (several minutes were required for taking a 
reading on any of the larger discs), and that neither of 
the testing cabinets was adapted for interchanging the 
discs without opening the cabinet. The errors were 
clearly of an experimental nature. 

The results of these comparison tests were reduced to 
terms of percentage difference in velocity measurement 
of the disc under test from that of the standard disc, A. 
A large number of tests were made with five different 
discs at different distances from the source in two 
different cabinets and at a large number of frequencies, 
in order to eliminate, as far as possible, all influences 
except that due to the ratio of disc diameter to wave- 
length, and this ratio was varied from 0-04 to 0-76. 

For values of the ratio from 0-04 to 0-2 it was ob- 
served that the points were fairly uniformly distributed 
about the zero line, between values of + 6 and — 6 
percentage difference ; from 0-3 to 0-65 all the obser- 
vations showed positive values of the percentage differ- 
ence, the largest observed deviation being between + 10 


* B. S, Conen, A. J. ALDRIDGE and W. Wzsr, loc. ctt. 
f Ibid. 
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and + 15 per cent at a ratio of 0-38. A few points 
taken at 0:76 gave differences between — 5 and — 10 
per cent. 

It will be observed that the experimental errors were 
not small as compared with the observed effects ; further 
comment thereon will be deferred to Part 3. 


(5 PERFORMANCE OF RAYLEIGH Discs AT AUDIO 
FREQUENCIES (PLANE STANDING WAVES). 


In order to obtain accurate comparisons between the 
performances of the different discs, tests were carried out 
in a sound field of plane standing waves. These condi- 
tions facilitated the taking of simultaneous readings on 
the two discs and also the interchanging of the positions 
of the discs. 

A wooden tube was constructed of 15 inch square 
cross-section and 7 ft. long; both ends were closed, a 
window being let into one end and a loud-speaker unit 
communicating with the tube through the other end. 
It was decided to work at a single frequency, selected 
.to be distant from modes of vibration across the tube, 
but in resonance for longitudinal vibrations. The 


frequency of about 650 cycles per sec. (A = 52-5 cm) 


was selected and, in order to suspend the discs at a 
velocity maximum, a position of 5A/4, i.e. 65-5 cm 
from the window end of the tube, was chosen for the 
suspension of the discs. Errors due to variations of 
the intensity or the frequency of the sound were elimin- 
ated by taking simultaneous readings on the two discs 
under test. The discs were suspended in the same 
cross-section of the tube, 10 cm apart horizontally and 
4} cm apart vertically; two galvanometer lanterns 
were used and the spots of light were projected on to 
the same scale. The disc suspensions were adjusted 
separately at each suspending bracket (mounted on top 
of the tube) so that, when either suspending rod was 
placed in position in a groove on the bracket, the centre 
of the disc would occupy the same point in space. 

Disc D was first tested with disc A, the method being 
to take readings of both disc deflections simultaneously, 
and then to interchange the discs and again take read- 
ings, as it was not expected that the velocity would be 
quite uniform over the cross-section. The ratios of the 
deflections of disc D (p) to those of disc A (85,) were 
corrected for the differences in distance from the scale, 
and these ratios were then converted into the measured 
velocity ratios vp/v, by the disc calibration formule. 


Thus vp[v, = 0:934/(85/8,) 


where v, and vp are the particle velocities as measured 
by discs A and D according to Kónig's formula, and 6, 
and Oy are the corrected scale deflections of discs A 
and D. 

It was found necessary to protect the discs from air 
draughts in the tube; for this purpose two curtains of 
open-mesh muslin were stretched across sections of the 
tube at 4 inches on each side of the discs. 

The results of the test, recorded in Table 2, show that 
the mean of the two values of vp/v, is 0:99, that is to 
say, according to this test, disc A is apparently more 
sensitive than disc D by 1 per cent in velocity measure- 
ments. 
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This test was repeated with the same result. 

Next a test was made with discs A and B, the calibra- 
tion being vy/v, = 0-:964/(8,/8,). 

The result was :— 


With disc A nearer to scale, vp/v, = 1:015 
With disc B nearer to scale, vg/v, = 1:00 


Thus the test shows disc B to be apparently more 
sensitive by less than 1 per cent. 

These results indicate that, with the discs suspended 
in plane waves at about 650 cycles, the three discs of 
about 0-8, 3-0 and 6-0 cm diameter respectively all 
record the same velocity within about 1 per cent, i.e. 
to within the limits of experimental error. 


TABLE 2. 


First Series of Tests, Frequency — 652 Cycles per sec. 


Disc A nearer to Scale. 


Op Oa Óp/Ó4 ome vp/va 
55 41 1-34 
55 42 1:31 
51 45 1:27 
57:5 44 1*3 
61:5 46 1:34 
Mean .. 1:31 1:185 1:015 
Disc D nearer to Scale. 
57 58 0-98 
51 59.5 0-96 
54 55-5 0-975 
58 60 0:97 
Mean 0:97 1:07 0-965 


Good response was also obtainable at frequencies of 
1 110 and 1 545 cycles per sec. 
At 1 110 cycles (A = 31 cm) it was found that :— 


With disc A nearer to scale, vp/v, = 1-02 
With disc D nearer to scale, v/v, = 0-96 


Mean . 0-99 


At 1 545 cycles (A = 22 cm) several series of readings 
were taken, since variations were observed. These 


gave :— 
With disc A nearer to scale. With disc D nearer to scale. 
vplv, = 0:975 Vpliva = 1:005 
1:01 1-02 
1:01 1:06 
0-985 1-02 
Mean . 0-995 Mean . 1:025 


In this case the mean is therefore 1-01, a result which 
indicates that while there may be a rise in the apparent 
sensitivity of disc D at higher frequencies, the extent, 
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according to this test, is so small as barely to exceed 
the experimental errors. | 


The application of a test of this nature to high fre- - 


quencies is difficult since the influence of transverse 
motion becomes objectionable, and it would seem to be 
inadvisable to reduce the cross-sectional area of the 
tube to any extent for discs of this size, as the approxi- 
mation to the theoretical condition of infinitely extended 
flow would thus be lost. 


(6) INTERNAL RESONANCE OF A RAYLEIGH Disc. 


No information has hitherto been available to indicate 
the errors that are liable to occur when a Rayleigh disc 
is used to measure sound velocities at a frequency 
coincident with one of its natural frequencies of vibra- 
tion as a free circular plate. Actually the disc is not 
entirely free, since some control is exerted at the point 
of suspension, but if this point lies on a node the condi- 
tions of vibration are the same; and in any case it is 
not required to know the actual mode of vibration, but 
only at what frequency it occurs and the effect, at that 
frequency, on velocity measurements made by the disc. 

Since it was found impracticable to ascertain the 
natural frequencies of a small disc, such as disc A, of 
the type used for acoustic measurements, the problem 
was attacked by finding the resonance effects of larger 
mica discs, and by deducing therefrom the order of 
errors to be expected from the small discs at their 
critical frequencies. 

The method of finding the natural frequencies of a 
disc was as follows:—-The disc was suspended and 
screened from draughts, and two tubes, each drawn 
down to a small aperture at the end, were placed near 
the disc, one on each side. One of these communicated 
with an earpiece and the other with a telephone receiver 
operated by a heterodyne oscillator. The tube asso- 
ciated with the latter had a small piece of cotton-wool 
at its open end in order to prevent draughts of air, 
due to jet action, from displacing the disc. When the 
disc was set in vibration, by coincidence of the frequency 
of sound from the receiver tube with one of its own 
natural frequencies, a second source of sound was 
established which could be detected by listening on the 
tube connected with the earpiece. In some cases, when 
it was uncertain whether an observed effect was due to 
resonance of the disc or not, the disc was removed and 
it was then noticed whether or not the tone was sub- 
stantially altered. 

Disc C was first used. This had approximately 8 
times the linear dimensions of disc A, as far as the mica 
component was concerned, but the glass mirrors were 
approximately the same size. Several resonant fre- 
quencies were found, the strongest response being 
Observed at about 560 cycles per second. Accordingly 
disc C was tested against disc A in the manner described 
in the previous section, the same large tube being used 
but with the ends adjustable in position. The results 
of a series of tests showed that at 550 cycles disc C was 
apparently 25 per cent more sensitive than disc A, while 
between 551 cycles and 555 cycles disc C gave deflections 
in the reverse direction, and at 567 cycles the per- 
formance was restored to within 2 per cent of that of 


Vor. 65. 


disc A. The exact frequency of resonance was observed 
to vary somewhat from day to day. 

The effects observed with disc C were so marked that 
a considerably smaller disc was cut, the linear dimensions 
of which were about twice those of disc A. This disc, 
G, had a diameter of 1-6 cm and thickness of about 
0-0045 cm. Listening tests were made to find the 
natural frequencies before a mirror was cemented to 
the disc, and these were detected at about 1 250 and 
1900 cycles. After a small mirror had been cemented 
on and the disc put on a calibrated suspension fibre, 
listening tests were again made and it was found more 
difficult to detect resonances. The only frequency at 
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A 
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Fic. 3.—Resonance curve of Rayleigh disc (velocity 
measurements with mica disc of 1:6 cm diameter, at 
resonance). 


which resonance of the disc could be definitely estab- 
lished was at about 1850 cycles, and this became 
indefinite when the sounding tube was moved away 
from the disc, i.e. when the sound pressures on the 
disc became more or less uniformly distributed. 

In order to compare discs A and G at this frequency 
a smaller testing tube was used. This had a square 
cross-section of 10-6 cm side. The discs were placed in 
the same cross-section, 4 cm apart horizontally and 
2 cm apart vertically, and at a distance of about 5A/4 
from the adjustable glass end of the tube. The other 
end of the tube was also adjustable and distant 3A 
from the glass end. The position of the ends of the 
tubes was readjusted for each frequency used. 


TABLE 3. 


va/va (with disc A | vafra (with disc G 


nearer to scale) nearer to scale) tc/va (mean) 


Frequency 


cycles per sec. 


] 805 1:0 1:05 1-025 
1 816 1-07 1-06 1:065 
1 825 1:13 1:11 1:12 
1 835 0-89 0-86 0:875 
1 842 0-93 0-93 0-93 
1 855 1-0 0-94 0-97 
] 870 1-02 0-94 0-98 
1 888 1-0 0-96 0-98 
1 902 1:01 0:97 0-99 


Table 3 gives the results of a series of tests on disc G 
as against disc A at frequencies near resonance of 
disc G, and the resonance curve is plotted in Fig. 3. 
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It was confirmed by independent observation that the 
maximum and minimum values of vg/v, were actually 
those shown in the curve. 

This resonance curve shows that the maximum error 
in velocity measurement due to the internal resonance 
of disc G is about 12 per cent, and that errors in excess 
of 2-5 per cent are limited to a frequency range of 
about 50 cycles for this resonance at 1 830 cycles. The 
listening tests showed also that the effect of cementing 
a mirror on disc G increased the difhculty of detecting 
response at resonance, and, presumably, the effect on 
disc A of the mirror which, although actually the same 
size, has proportionately four times the surface area as 
compared with the mica, will be to decrease the effect 
of resonance to a still greater extent. 

These considerations, together with a comparison of 
the observed effects of resonance on disc C (resulting in 
negative deflections) with those on disc G, lead to the 
conclusion that internal resonance of discs similar to 
disc A will give rise to errors of a lower order than 
12 per cent in velocity measurement at the resonant fre- 
quencies. It must be borne in mind that this resonance, 
when it occurs, is effective only over a very short range 
of frequencies, and the frequency of strongest response 
appears to rise as the size of the disc is reduced. Hence, 
for most practical purposes in measuring sound velocity, 
such discs may be considered to be non-resonant. 


(7) COMPARATIVE TEST WITH ALTERNATIVE SOUND- 
MEASURING DEVICE. 


It is worthy of mention that a few tests have been 
made between a Rayleigh disc and an experimental 
model of a sound-pressure measuring device operating 
on the Gerlach compensation principle.* The tests were 
carried out in a resonating closed tube supplied with 
sound energy at the correct frequency for resonance. 
The diaphragm of the compensator formed part of one 
of the closed ends of the tube, and the Rayleigh disc 
was suspended at a point of maximum velocity. Under 
these conditions the relationship between the pressure 
measured by the compensator (at a pressure loop) and 
the velocity measured by the Rayleigh disc (at a velocity 
loop) is the same as that between pressure and velocity 
at a single point in a plane wave; i.e. the ratio of 
pressure to velocity equals the product of atmospheric 
density and the velocity of sound. The agreement 
between these two methods of sound measurement was 
found in general to lie within about 5 per cent, which 
is within the estimated accuracy of the experimental 
model. 


Part 3. 
(8) GENERAL COMMENT. 


Since it has been found that the classical formula 
derived by Kónig can be used as a basis for practical 
calibrations of Rayleigh discs used for measurements 
of sound, it is of interest to consider the more important 
variations liable to be met with in practice from the 
assumed conditions on which the theoretical formula is 


* E. GERLACH : loc. cit. ; also D. S. Coney, A. J, ALDRIDGE and W. WEST 
(discussion): Joc. cit. 


based. It is stipulated in the general theory that an 
ellipsoid is suspended in an infinitely extended, friction- 
less and incompressible fluid, which flows in simple 
harmonic motion. The theory applies to a close approxi- 
mation when a thin circular disc is suspended in a 
sound wave of a single frequency, the wave-length of 
which is large as compared with the size of the disc. 
The effects of viscosity are only partially accounted for 
in the theory and will therefore be dealt with first. 

(a) Viscosity.—These effects would appear in absolute 
calibrations of Rayleigh discs such as are described in 
Section (2) and also in Zernow’s paper.* In neither of 
these investigations was any viscosity effect observed 
within the limits of experimental error, i.e. within 1 per 
cent in velocity measurements in the tests described in 
Part 1 and within 0-25 per cent in Zernow’s tests on 
ellipsoids. 

(b) Shape and size of disc.—The theoretical formula 
applies to discs of infinitesimal thickness, and a correction 
for thickness may be required. If x denote the ratio 
of thickness to diameter of the disc, Kónig deduces the 
following corrected formula :— 


Torque = $pd3V?(1 — 0-32) sin 20 


As a result of his experiments Zernow derived the 
following empirical formula :— 


Torque = $od?V*(1 + 2: 78x — 9-052?) sin 20 


(The data on which this formula is based appear from 
his paper to be somewhat meagre.) 

In the case of disc B, for example, x — 0-0085; the 
correction for thickness, using Kónig's formula, is 
negligible, and using Zernow's formula is less than ] per 
cent in velocity measurements. This disc has a higher 
ratio of thickness to diameter than any of the others 
used—apart from disc E on which only a few observations 
were made. 

Also it is shown in Section (2) that the presence of a 
small mirror—such as is used in practice—on the flat 
surface of the disc introduces no appreciable error. 

The investigation includes comparative tests on discs 
of different sizes subjected to plane waves of sound of 
comparatively long wave-length (see Sections (5) and 
(6) Particulars of the dimensions of the discs are 
given on page 875. The performance of discs A, B and 
D [Section (5)], and also of discs A, C and G {Section (6)] 
at frequencies distant from resonances of the discs, all 
agree to within 2 per cent in velocity measurements. 

(c) Wave-length of sound as compared with size of 
disc.—The spherical-wave tests described in Section (4) 
were carried out mainly to throw some light on the 
influence of the wave-length of the sound on the per- 
formance of a Rayleigh disc. The condition, postulated 
in theory, of an incompressible fluid (ie. an infinite 
wave-length) was no longer even approximately correct 
when the larger discs were employed at the higher 
frequencies. 

Consider first the values of the ratio of disc diameter 
to wave-length from 0 to 0:2, i.e. wave-lengths not less 
than five times the diameter. The results of the tests 


* Loc. cit. 
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using spherical waves, taken in conjunction with those 
using plane waves, lead to the conclusion that the 
influence of wave-length is inappreciable within 2 per 
cent of velocity measurements. For wave-lengths 
shorter than 5 times the diameter the spherical-wave 
tests indicate definitely that errors in velocity measure- 
ment are liable to occur, but that for wave-lengths 
even as low as 4/3 of the disc diameter such errors 
probably do not exceed about 12 per cent. 

(d) Distribution of sound.—The use of Kónig's formula 
implies a knowledge of the direction of motion of the 
air particles, and it requires the velocity to be uniform 
in magnitude and direction in the neighbourhood of the 
disc. Two forms of sound field are of special importance, 
namely, the resonating air column and the spherical 
wave. 

In the resonating tube a number of superimposed 
plane waves exist, with the result that the R.M.S. 
value of the velocity varies along the tube but the 
direction is everywhere parallel to the axis of the tube. 
As has been mentioned before, the tests of Section (5) 
made with discs of different sizes in a resonating tube 
show no difference in velocity measurements in excess 
of 2 per cent. 

In the case of a spherical wave, unless the diameter 
of the disc is small as compared with the distance from 
the source of sound the velocity at the near edge of the 
disc will differ both in magnitude and in direction from 
that at the far edge. The tests described in Section (4) 
include observations on disc B at distances of 10 and 
20 cm, corresponding to ratios of diameter of disc to 
distance from source of 0-3 and 0-15. The mean 
values at both distances agree to well within the experi- 
mental error of the test. For the majority of acoustic 
measurements with spherical waves the ratios are 
smaller than either of these, so that appreciable errors 
from this cause are not to be expected. 

(e) Rigidity of the disc.—The assumption that the disc 
is a rigid body would in general seem to be reasonable 
in view of the minuteness of the forces acting thereon. 
The torque applied to the disc is unidirectional, but 
pulsating at twice the frequency of sound, and there 
must be a limit to the flexibility of the disc where 
errors will begin to be introduced. That this limit has 
not been reached in any of the discs used in the present 
investigation is demonstrated by the results on the 
plane-wave tests, referred to above. | 

The effects of resonance of the disc are relevant to 
this heading. These effects with mica discs have been 
investigated and are detailed in Section (7). 

(f) Proximity of other bodies.—The theoretical condi- 
tion of an infinitely extended fluid must obviously be 
violated in practice. Apart from some tests on the 
effects of the proximity of draught screens, this point 
has not been covered by the present investigation. In 
Zernow's paper, however, tests are described wherein 
discs and cylinders of different sizes were used in order 
to determine the effect of the proximity of the cylinder 
walls on the performance of the disc. In these tests 


the cylinders were similar in shape, the length being 


equal to the diameter. A cylinder was vibrated along 
its axis with a known amplitude and frequency, and 
the torque on a disc suspended in the centre was ob- 


served. As a result the following empirical formula 
was derived :— 


J = 1 + 1:22? — 5-824 


where J = “ observed torque ” (presumably the ratio 
of the torque with the cylinder to that if the cylinder 
were absent), and x = ratio of the diameter of the disc 
to that of the cylinder. (It is not clear from Zernow's 
paper how the base line for z — 0 was obtained from the 
tests.) 

According to this formula the cylinder introduces 
errors in velocity measurements of from 3 per cent at 
z = 0-3, to 0-5 per cent at x = 0-08, these being the 
limiting values of z used in the tests. 

(g) Draughts and draught screens.—Sensitive discs, 
such as are at present under consideration, cannot be 
used except in an atmosphere which is normally prac- 
tically motionless. Difficulties have been encountered 
with their use even in the small testing cabinet, the 
zero position being inclined to wander at times in an 
irregular manner— possibly owing to air-convection 
currents. Such effects were not serious when the disc 
was quick-moving and nearly dead-beat, as the time 
taken in observing the reading and checking the zero 
position was short, and a number of repeat readings 
could be taken if necessary. With heavier discs, how- 
ever, they made accurate measurement impossible. The 
difficulty can be overcome by the use of a suitable 
draught screen, but some uncertainty is introduced by 
the effect of the screen on the sound field. <A few tests 
have been made with and without a screen of open-mesh 
silk fabric (4 in. square by 15 in. long) on discs A and C, 
and also on a sound-pressure measuring device. These 
tests indicated that the presence of the screen affected 
the readings of these instruments barely appreciably at 
frequencies down to 400 cycles per sec. Two influences 
are liable to affect such tests on Rayleigh discs—one is 
a slight change of the sound field, caused by the presence 
of the disc, and the other is the phenomenon referred 
to in the previous paragraph. 

(h) Atmospheric  variations.—The measurement of 
velocity by means of a Rayleigh disc involves a term 
for the atmospheric density. For most purposes, where 
great accuracy is not required, the density is assumed 
to be constant with a value of pọ = 0:0012 in C.G.S. 
units. Now if the actual value is p, then the actual 
velocity is 4/(po/p) times the measured velocity. Varia- 
tions in the value of p in this climate, in a room that is 
warmed in winter, will very rarely differ 6 per cent from 
the mean value pọ and the maximum error liable in 
velocity measurements, due to this approximation, may 
therefore be taken as 3 per cent. Such conditions 
obtain, for example, when the temperature is 25°C., 
the barometric pressure 730 mm and the humidity 
100 per cent, or when the temperature is 10? C., the 
pressure 775 mm and the air is dry. These conditions 
are obviously extremes. 

When the disc is used in an acoustic testing cabinet 
such as has been described, the temperature variations 
are smaller than in the open room—owing to the heavy 
lagging on the walls of the cabinet—and the density 
variations will be correspondingly less. A series of 
observations on the air density within the cabinet, 
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extending over a period of a month, showed no variations 
from the value py in excess of 2 per cent, so that the 
error liable in velocity measurement during this period 
was not greater than 1 per cent. 

(j) Corrections for angular displacement of the disc.— 
It is convenient in practice to calculate the calibration 
formula for the disc at 45? inclination to the direction 
of motion of the air particles, and to measure the angular 
displacement of the disc from this position by means 
of a beam of light reflected from the disc on to a plane 
scale. As has been mentioned in Section (2), two errors 
are involved by the displacement of the disc from the 
zero position, and these tend to cancel each other. If 
radians be the displacement of the disc, then the com- 
bined correction factor to be applied to a measurement 
of velocity is +/{2/(sin 2¢)}, where tan 2¢ is the ratio 
of the deflection of the spot of light on the scale to the 
distance of the disc from the scale. This correction is, 
in general, very small. 


(9) CONCLUSION. 


In conclusion it may be stated that, provided the 
conditions of use conform (within reasonable limits such 
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as are indicated in Part 3) with those on which Kónig's 
formula is based, then the measurement of acoustic 
velocities—at any rate down to the order of 0-1 cm per 
sec.—can be effected by means of a Rayleigh disc to an 
accuracy within 2 per cent. 

The apparatus required for the construction, calibra- 
tion and use of a Rayleigh disc is, moreover, of a very 
simple nature and usually forms part of the equipment 
of a physical laboratory. The measurements and calcu- 
lations involved are few in number and simple in 
character, and the calibration, when effected, is in- 
variable. With the increasing demands of telephone 
engineers for quantitatively accurate acoustic measure- 
ments, it seems probable that the useful field of this 
simple and elegant device will become considerably 
extended. 
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permission to publish the results of the investigation. 
They were fortunate in having access to discussion with 
and advice from Mr. A. J. Aldridge of the Research 
Section of the Post Office throughout the investigation 
and also as to the manner of presentation of the results. 
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A WIRELESS WORKS LABORATORY. 


By P. K. TURNER, Associate Member. 


(Paper first received 10th February, and in final form 31st March, 1927; read before the WIRELESS SECTION 18th May, 1927.) 


SUMMARY. 

The paper presents details of the equipment of a laboratory 
devoted to the problems of broadcast reception. Among the 
special equipment developed are :—Galvanometer lamps; 
a distribution system for battery d.c. supply; an elaborate 
valve tester ; an audio source ; a standard valve voltmeter ; 
a combined a.c. and d.c. bridge; and interchangeable 
high-frequency resistors. 

Special methods are described in connection with insulation 
tests of condensers: correction of wattmeter errors; 
measurement of amplification; self-capacity of coils and 
their high-frequency resistance ; and keeping records. 


TABLE OF CONTENTS. 
Section, 
(1) Functions. 


(2) Location and general arrangements. 
(3) D.C. work. 
(a) D.C. supply. 
(b) D.C. measuring instruments and standards. 
(c) Resistors, etc. 
(d) Bridge. 
(e) Condenser tests. 
(f) Valve tester. 
(4) Supply-frequency work. 
(a) Supply and instruments. 
(b Wattmeter. 
(5) Audio-frequency work. 


) 
c) Capacity bridge. 
d) Combined a.c. and d.c. bridge. 
e) Frequency measurement. 
f) Measurements made. 
dio-frequency work. 
a) Sources, voltage and current measurements. 
b) Frequency measurement. 
c) Capacity and inductance. 
(d) Resistance. 
(7) Records. 
(8) Sundries. 
(9) Conclusion. 


(1) FuNcT1IONS. 


In presenting this description of his own department 
of Burndept Wireless, Ltd., the author has chosen the 
title with some care. Officially, the locality is known 
by the complimentary title of ‘‘ The Research Depart- 
ment ” ; but in practice it lies under the disability that 
applies to most research departments of firms that have 
to make a living—it has to do so much other work that 
sometimes pure research has to retire into the back- 
ground. 


For example, the author's department undertakes the 
development work on, and electrical design of, all new 
apparatus of the firm; builds the first samples; 
examines and reports upon production models when they 
first come through; examines the apparatus of other 
makers; builds apparatus for the department which 
does the routine testing of all production apparatus ; 
writes technical matter for the publicity department ; 
etc. In fact, it acts as maid-of-all-highbrow-and-quanti- 
tative-work, and so '' the Lab.’’—the unofficial title— 
seems to be the best one. 

It is because this varying work is rather different 
from the pure research of the official or academic 
laboratory that the author thinks that these notes on 
it may be useful or interesting. 


(2) LocATION AND GENERAL ARRANGEMENTS. 


With the.object of getting as far away as possible 
from disturbance, ' the Lab." is located on the flat 
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roof of the works, and (except for a partitioned office) 
consists of one large work-room, with two ridges of 
saw-tooth roof. To provide maximum wall-space, there 
are nn windows, the roof lighting being ample. Heating 
is by hot water, and there is the normal works electricity 
supply of 200-volt 50-cycle alternating current. 

Fig. 1 shows the general] lay-out, which has proved 
very convenient. In practice, the various parts of the 
main work-bench are not strictly reserved ; the location 
for any particular job is selected according to whether 
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any fixed apparatus is to be used: as a general rule an 
endeavour is made to screw down precision apparatus. 

Needless to say, although when the building first 
came into use it was considered unnecessarily large for 
the small staff employed, the staff are already rather 
cramped. The same comment also applies in connection 
with batteries, instruments, etc.: extensions have to 
be made fairly frequently. 

The general equipment of the work-bench includes 
sectionalized lamps on rising and falling pendants, an 
earth bar below the bench front, and frequent switch 
sockets for soldering irons or other uses of a.c. power. 

The bench is covered with dark-green linoleum, and 
a soft timber back, papered in green, extends up from 
it for 4 ft., 6 in. clear of the wall—this is a most important 
feature, as it allows for the ready fixation of apparatus 
and for accessible wiring if required. The working 
height and width of a bench are quite important matters 
for comfort and convenience, and Fig. 2 shows the 
dimensions used, which seem to be quite successful. 
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The corners, of course, have an exceptional depth from 
back to front. They are used, the one for one of the 
bridges, the other for the electric lighting switchboard. 


(3) D.C. WORK. 


(a) D.C. supply.—Since the vast majority of the 
work is directly on valves or valve circuits, or uses 
valves for measurement, the provision of a suitable 
d.c. supply was practically the first matter to be con- 
sidered. 

It was decided forthwith that nothing but secondary 
batteries would be suitable (except possibly for grid 
biasing), and that in most cases it would be essential 
for each job to have the exclusive use of any batteries 
required. The question then arose as to the choice 
between, on the one hand, having a stock of batteries 
from which the staff could take those required and use 
them on the bench, and, on the other hand, of making 
battery power available anywhere on permanent wiring. 

The latter alternative has the disadvantage, in high- 
frequency work, that induction between the high- 
frequency components of current in neighbouring 
sections of permanent wiring may cause interference, 


and, if carried out on a sufficient scale, the further 
disadvantage of expense. But it has the great advan- 
tages of cleanliness, convenience and a better chance of 
long life for the batteries. 

It was believed that by a little care in arranging the 
wiring, and by the use of by-pass condensers, if necessary, 
at the point of use, interference could be avoided; and 
hitherto this belief has been justified. On one or two 
occasions there has been interference, but this has been 
traced, not to induction, but to d.c. potentials set up 
by surface leakage in wet weather. 

The main points of the scheme in use are shown by 
Fig. 4. The centre of it is the intermediate distribution 
frame adapted by Mr. C. F. Phillips from telephone 
practice. 

At frequent intervals along the back-board of the 
working bench are switch-boxes, giving from two to 
five supplies (see Fig. 3). From the input terminals of 
these, leads, varying from 7/16 S.W.G. to 1/22 S.W.G. 
section, go to the output side of the distribution frame, 
where they terminate in sockets. Numbers and plus 
and minus marks are engraved on the switch-boxes 
and the distribution frame. There are 12 boxes, com- 
prising 35 circuits varying from 2-wire to 6-wire (for 
multiple voltages). The total sockets amount to 100. 

In a brick lean-to outside the laboratory are the 
batteries, which are connected to separate sockets on 
the input side of the distribution frame, the sockets 
being marked with the polarity and voltage. Thus any 
worker wanting any particular set of voltages can get 
whatever he wants immediately by cross-connecting 
from one board to the other, and in doing so he bars 
anyone else from getting mixed up with his batteries. 

The batteries actually installed are :— 


Ampere- 


Voltage hours Number Total voltage 
2 50 2 4 
6 50 8 48 
2-6 50 4 24 (max.) 
6 100 l 6 
2-20 50 1 20 (max.) 
— 0y, 54 
50 l 4 200 
100 l 2 200 
60 or 80-120 l 5 | 600 (max.) 
1000 V, 0:1AÀ 
10-100 5 1 | 100 (max.) 
50-400 5 1 | 400 (max.) 
500 V, 0:54 
1602 V 


As hinted above, this number was considered to be 
excessive at first; in fact, only 75 per cent were installed. 
But the remaining 25 per cent were soon found to be 
necessary, and more willsoon be added. The proportions 
seem now to be about correct. 

For the purpose of charging, the right-hand switch- 
board is used. This draws power from two motor- 
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generators outside the laboratory, giving respectively 
60 A at 36 V (used for charging other batteries besides 


those in the laboratory) and 3 A at 240 V. The switch- 
board provides one 5A and one 10 A, 36 V circuit, 
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ments, which in the present case are cheap moving-coil 
meters of 3-in. dial. These are single scale, and range 
from 0-1 mA to 0-5 A and from 0-12 to 0-120 V. The 
milliammeters can be used with a valve adaptor, which 
we find valuable. This is simply a piece of ebonite rod 
fitted to enter a valve socket and receive a valve, some 
of the connections from socket to valve being opened 
and provided with flexible leads to which a meter may 
be connected. This allows a rapid check of anode 
current in each valve when testing receivers. 

Accurate d.c. meters comprise a '' Century " testing 
set by Messrs. Elliott Brothers, reading 0—-0-075 to 
0-300 V and 0-15 to 0-1 500 mA, and a large Weston 
meter, reading 0-2 to 0-1 000 V and 0-20 mA to 0-40 A. 
The Elliott meter is used as the '' Lab." standard. Uni- 
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and can thus charge about eight 6V batteries at once ; 
there are also two 240V circuits, so that about 400 V 
(nominal) of h.t. accumulators can be charged simul- 
taneously. This provision is found to be ample. Bat- 
teries are connected in series and to the board by 
flexible leads similar to those used for cross-connecting 
on the distribution frame. 

The whole system has been found to be very success- 
ful. The only batteries actually used on the bench 
are grid batteries, these being found more convenient 
than using the general system for this purpose. Fig. 4 
shows the distribution frame assembly: all the low- 
current batteries are protected by 3:5V, 0-2A lamps; 
the high-current ones by 5 A fuses made to fit the 
same holders. 

A minor point which has been useful is the provision 
of a “ fuse tester "—a small box on the wall, with a 
4-5V dry battery and lamp in series with a pair of clips. 
Inserting a doubtful fuse in the clips causes the lamp to 
glow if the fuse is in good order. 

(b Measuring instruments and standards. —Although 
the greater part of the work has to do with the observa- 
tion of alternating currents, the frequent use of the valve 
as a measuring device has made more than ever necessary 
a plentiful supply of d.c. instruments. It has been 
found to be important to have plenty of rough instru- 


pivots by the Cambridge Scientific Instrument Co., 
of 0-240 and 0-24 pA, are extremely useful, one of the 
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latter being direct-reading in megohms for an applied 
pressure of 2 or 20 volts. The 0-240 instrument has 
shunts for 1-2, 12, and 120 mA. 


Galvanometers are a sore point. As stated above, 
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the ‘‘ Lab.” is on the roof of the works; but vibration, 
like the sparks, flies upwards—or seems to do so. The 
problem of the best arrangement of several mirror 
galvanometers in a department with not too much 
room is by no means easy. One cannot, of ceurse, 
put the instruments on the bench. To have them on 
wall brackets necessitates scales running from front to 
back of the bench, which is not comfortable for reading. 

A delightful method is to put them a few feet behind 
the bench, with translucent scales, but in the present 
case there was not room for this. Eventually it was 
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decided to arrange the galvanometers so that the scales 
should be on the bench-back, fairly high up; and a 
large platform was therefore built and hung from the 
roof just above head-level. This platform carries a 
galvanometer, outside mirror, and lamp as in Fig. 5. 
Everything went splendidly—but the average ampli- 
tude of spot-vibration was about 3 inches. So the 
platform was made double, as in Fig. 6, and motor-tyre 
inner tubes were placed between. This reduced the vibra- 
tion to about 1 inch. Then, instead of putting the 


galvanometer on the platform, a layer of ]-inch sponge 
rubber was inserted, and on that a square foot of thick 
iron plate—about 70 lb. With the galvanometer on 
this, and a naturallv stable instrument, all is well— 
but some types of galvanometer still vibrate a little. 
Unfortunately, the platform itself must now, of course, 
not be touched, which makes levelling and lamp adjust- 
ment rather difficult. Also, there is some loss of light 
Írom the extra mirror, so it is probable that, when time 
permits, the lamps will be moved to a position over the 
scales. Galvanometers are normally worked at about 
2-metres' scale distance, the scales being of varnished 
paper, 1 metre long. They are held by a simple but 
convenient fitting (see Fig. 7), which allows adjustment 
vertically and horizontally to bring the spot to zero. 


TURNER: A WIRELESS WORKS LABORATORY. 


The lamps are rather special. The author had been 
impressed by the imperfect character of most galvano- 
meter lamps on the market, which seem to get a disc of 
light by putting the image of a point source out of focus. 
This, of course, refers to lamps for use with plane mirrors. 
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Such mirrors were considered to be a necessity in the 
present case, for the following reason: from every point 
of view it appeared desirable to arrange the galvano- 
meters above head-level. At the same time, the scales 
were to be as near evc-level as possible. Hence the 
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light path must be as in Fig. 8 (side elevation), and 
concave mirrors will not give good definition. 

The inefficient lamps mentioned need a 300-watt '* Point- 
olite’’ or the like to give a spot workable in daylight, 
even with a shaded screen, so it was decided to develop 
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a special lamp. This is shown in Tig. 9, as regards 
the optical system, which is essentially that of a projec- 
tion lantern. The '' condenser ' A illuminates a grati- 
cule B. In order to get a small bright image at the 
equivalent distance of about 3 metres it 1s necessary 
to use a long-focus lens—about 1 to 1:5 metres; to 
keep the lamp short this is designed as a telephoto 
lens, so that the projection lens actually comprises the 
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two lenses C and D. With this lamp arrangement the 
image of B, i.e. a bright circle with vertical line, is 
magnified about three diameters. With a 50-watt 
gas-filled bulb this '' spot,” about 3 to 5 cm in diameter, 
is comfortably workable in daylight. One of the 
complete lamps, as made by the mechanical experi- 
mental department, is shown in Fig. 10. The foot 
allows lift and horizontal rotation, and the fork a 
vertical rotation: the lamp itself has adjustments for 
magnification, focus, position of light, and swing of 
graticule. These lamps have been quite successful. 

After some searching, it was found that Messrs. Siemens 
made a suitable bulb, taking 4A at 12-14 V. The lamps 
are fed from a transformer with a regulating rheostat in 
the primary, so that the lamp voltage can be reduced 
on dull days, thus increasing the life. 

(c) Resistors, etc.—1t has been found necessary to 
have a most varied assortment of resistors and rheostats, 
varying from large sliding rheostats, uncalibrated, to 
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dissipate 400 watts or so, up to a box of “ grid leaks ” 
varving from 0:1 to 5 megohms. 

A most useful type is a decade box, of accuracy 1/1000 
for direct current, and accurate to 0:5 per cent at 
1000000 cycles, made by the General Radio Co. of 
America. These boxes are provided up to 10 000 ohms. 
Another very useful instrument is a set of Zenite resistors, 
5 000 to 60 000 ohms, which have been boxed up. The 
standards are four resistors sealed in oil, for mercury 
contacts, checked to high accuracy by the National 
Physical Laboratory. They are nominally 1, 10, 100 
and 1 000 ohms. 

For testing resistance, it has been found that a bridge, 
although much used, is not sufficient. A 100-megohm 
'" megger ' is useful, but it is often necessary to test 
resistances of some megohms which are not designed for 
high voltage, and for this a galvanometer or unipivot 
meter is used. Low resistances such as switch contacts 
are also difficult on an ordinary bridge. For these, a 
low-resistance ohmmeter by Evershed and Vignoles, 
driven by a 2-volt battery and reading in three ranges, 
of which the maxima are 10, 1, and 0:1 ohms, is used. 
On the low range it indicates as low as 0- 0005 ohm. 

(d) Bridge.— The d.c. resistance bridge is also an a.c. 
bridge, and will be described later. 


(e) Condenser tests.—lt has also been found quite 
necessary to measure the leakage of condensers up to 
50 000 megohms or the like, and for this a convenient 
valve method is used, the connections being shown in 
Fig. ll. Here it will be noted that with the key up the 
valve is biased to —9 V and the condenser charged to 
109 V. On pressing the key, the condenser discharges 
through its own leakage in parallel with the apparatus, 
and in doing so causes the grid potential and anode 
current to rise. The time taken for the pointer to move 
between definite marks is multiplied by a constant and 
divided by the capacity, to give megohms. It is 
obviously essential that the part of the apparatus 
indicated by heavy lines should have first-class insula- 
tion. It has been found in the instrument here described, 
to be of the order of 50 000-100 000 megohms. It 
varies with the weather, but can be checked at any time 
and allowed forif the condenser insulation is good enough 
—greater than say 5 000 megohms—to make it worth 
while. The test is made by testing a good condenser 
by ''spot readings," making the connection at A 
momentarily after a noted time, and thus comparing 
the discharge with and without leakage through the 
apparatus. The instrument has a range of about 
50-50 000 megohms on condensers of 1 uF: it will 
read lower on larger condensers. Condensers of less than 
0-005 uF discharge too quickly for accuracy unless their 
insulation is of the same order as that of the instrument. 

(f) Valve tester.—It has been found worth while to 
build a rather elaborate valve tester. After well con- 
sidering the various '' dynamic ” methods of finding the 
a.c. resistance and amplification constant, the definite 
conclusion was reached that no method is so satisfactory 
as an actual plot of the characteristic. The main reason 
for this is that, although the dynamic methods give the 
slopes of the Z,/V, and I,/V, curves in a very satis- 
factory manner, these data are not sufficient. In order 
to use curves for set design one needs the definite location 
of the curves with respect to the axes, and in some cases 
Ij|V, curves as well An instrument was therefore 
produced simply to apply definite d.c. potentials and 
measure the resultant currents. ‘This will be shown in 
a lantern slide, while the schematic diagram, Fig. 12, will 
perhaps make the design clearer. 

Valve-holders of various types occupy the upper shelf, 
connected in parallel in two banks, either of which can 
be switched on to the measuring instruments. Meters 
are provided for measuring the voltage and current in 
anode and filament circuits, and the voltage in the grid 
circuit. Grid current is measured by an outside galvan- 
ometer, for which terminals are provided. The following 
ranges are given by the range switches : 


Anode current: 0-1, 5, 20, 100, 500 mA. 
Anode voltage: 0-25, 125, 250, 1 250 V. 
Filament current: 0-0-1, 0:25, 1-25, 2-5 A. 
Filament voltage: 0-2-5, 12.5 V. 

Grid voltage: 0-2-5, 12:5, 25, 125 V. 


The filament supply is led through two rheostats, 
which may be connected in series or in parallel, or the 
circuit opened, by the 2-way and ''off'" switch B. 
As one of the rheostats is of 7 ohms and the other of 
60 ohms, one always acts as a fine adjustment to the 
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other, whether they are in series or in parallel. The 
filament ammeter reads the voltmeter current, and 
can be corrected for this if necessary : a sheet giving all 
corrections is mounted on the instrument panel. 

The anode voltage is derived from several batteries. 
The first, of about 120 V, supplies a set of ten 200-ohm 
coils in series with a 250-ohm potentiometer, giving a 
close adjustment over the whole range. Higher voltages 
are obtained by switching in further batteries A 2, A 3, 
A4. The whole anode supply is cut off by theswitches B, 
which are coupled to the filament switch. The voltage, 
as shown in the meter, includes the drop across the anode 
milliammeter, this being 0-3 V at full scale. 

The supply arrangements for the grid are essentially 
similar to those for the anode, but comprise also a 
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be provided, if any accuracy in valve testing is to be 
obtained. 


(4) SUPPLY-FREQUENCY WORK. 


(a) Supply and instruments.—The main difficulty in 
this work is the large amount of power required to 
operate most a.c. instruments— power often of the 
same order as that in the circuit to be measured. Further, 
the impedance of such instruments—at any rate the 
moving-iron type—is not only reactive, but variable 
with the reading of the instrument. The same applies 
to a lesser extent to dynamometer instruments. Hence 
we use such instruments only for coarse work or in 
cases where the load due to the instrument can be 
ignored. 
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reversing switch, so that the grid may be made positive 
or negative while still reading the voltage normally. 
There is also a reversing switch in the galvanometer 
circuit for reading backlash. In its central position this 
switch short-circuits the galvanometer. The switch C 
allows the grid to be connected to the anode for emission 
tests. The meters were originally 25-volt instruments of 
high quality built by Messrs. Elliott for war purposes and 
were obtained very cheaply—this does not include the 
anode milliammeter, which had to be specially built, 
as full deflection was wanted for 1 mA on the lowest 
range. 

This apparatus, which allows of really accurate valve 
curves being taken fairly rapidly, has been very valuable, 
which is just as well, as its construction was rather 
costly—although the meters were obtained at a low 
rate, the construction and adjustment of all the shunts, 
etc., for the various ranges consumed much time. It 
is, however, quite essential that multi-range instruments 


An exceedingly valuable meter, which is in fact the 
'" Lab.'s" standard for both a.c. and high-frequency 
work, is a multi-range thermal meter by the Cambridge 
Co., embodying a set of vacuum thermo-junctions and 
unipivot millivoltmeter. This has ranges of 0-10 to 
0-1 000 mA, and has a pure resistive impedance which 
is fairly low and is accurately known. Further, it can 
be simply and accurately checked on direct current, 
the reverse effects being negligible. This instrument, 
in series with resistance up to 10 000 ohms, is also used 
for calibrating a.c. voltmeters. 

For the measurement of a.c. voltage, considerable use 
is made of a “ diode voltmeter " * As is well known, this 
comprises a diode (in the present case a triode with 
grid and anode connected) in series with a high resistance 
and a microammeter. There are two of these: one i5 
permanently connected as part of the low-voltage a.c. 
supply-board, whilst the other is a separate instrument. 


© J. TAYLOR: Journal of Scientific Instruments, 1926, vol. 3, p. 113. 
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The a.c. supply-board is shown in Fig. 13. It will be 
seen that the 200-V 50-cycle input can be applied to 
the potential-divider P either direct or via a step-down 
transformer giving maxima of 6 or 24 V. The multi- 
way switch A in its off position also disconnects the 
valve filament. Switch B cuts out part of the anode 
resistance for the lowest range, while its other arm 
shunts the meter for the upper range. Considered as a 


a.c. power, a special Elliott wattmeter is provided, 
indicating 11 to 44 watts at full scale. This suffers, 


however, from the usual defect that the power absorbed - 
in either the voltage or current coils is measured. An 
investigation* by one of the author'sassistants, Mr. M. G. 
Scroggie, has shown that this type of error may be 
eliminated by making two measurements, each including 
one of the above errors. 


In Fig. 14(a) the instrument 
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load, this circuit absorbs 240 pA at 200 V (R.M.S)). 
For the lower ranges, 5 V and 25 V, the maximum load 
is 24 LA. Its impedance. is purely resistive except for 
the power factor of the high resistance in the anode cir- 
cuit. It has, however, the disadvantage of being to some 
extent dependent on wave-form. Noexact measurements 
have been made on the error from this cause, but it has 
never been important as yet in actual practice. It 
is practically unaffected by change of valve, and gives 
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a nearly evenly-divided voltage scale at all but the 
lowest voltages. In both diode meters, the indicators 
are Cambridge unipivots, 0-24 pA. 

Owing to the fact that wire-wound resistors must 
be used for constancy, and since such resistors are by 
no means non-reactive, the diode meters are used for 
low-frequency work only. High-frequency meters will 
be described later. 

(b) Wattmeter.—For the measurement of rather small 


reading is excessive because the current in the current 
coil exceeds that in the load : in Fig. 14(b) it is excessive 
because the voltage on the voltage coil exceeds that on 
the load. Which error is greater depends on the load 
and the constants of the instrument. If both readings 
are taken, the lesser reading is fairly accurate if the other 
reading is at least 40 per cent greater. 

For better accuracy, one can use a very convenient 
correction curve of the following equation :— 


Let Ry; = resistance of current coil, 
Ry — resistance of volt-coil circuit, 
€ = ratio of error of smaller reading, 
W, = larger reading of instrument, 
W, = smaller reading of instrument. 


[It is immaterial whether W, corresponds to Fig. 14(a) 
and We to Fig. 14(b), or vice versa.] 

Then 

Wi eRy + Br 
W, €Ryp(1 + €) 

From such a curve € may be read for any experiment- 
ally determined value of W,/Wo. Fig. 15 shows the 
curves for the four ranges of the “ Lab." instrument, 
and gives some idea of the importance of the errors 
which may arise. Of course, the percentage error has 
always to be deducted from the lesser reading. 


(5) AUDIO-FREQUENCY WORK. 

(a) Source.—The first necessity here, of course, is a 
source of energy, and anyone approaching the problem 
from the author's angle naturally turns to a valve 

* Electrical Review, 1926, vol. 99, p. 1064. 
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generator. For the “ Lab.” work it was essential to 
have a practically pure note. It did not seem probable 
that this could be got with iron-core coupling coils, and 
it was feared that air-core coils would set up such a stray 
field as to offer grave difficulties in screening, especially 
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getting approximate equality of output at various 
frequencies, nor of any other minor difficulties. Perhaps 
the authors were favoured by fortune. In the present 
case these difficulties were considerable. Fig. 16 shows 
the connections of the instrument in its final form. It 
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as access was necessary to adjust the frequency. Finally, 

it was decided to use rectified beats. After the source 

had been built, the paper by B. S. Cohen, A. J. Aldridge 

and W. West was published in the Journal.* No 

mention is made in that paper of any difficulties in 
* Journal I.E.E., 1926, vol. 64, p. 1023. 


is enclosed in six separately-screened compartments 
within an outer case, all screens being connected to 
L.T. —. 

To prevent interaction between the two oscillators, 
the output of one of them is passed through a one-stage 
neutralized amplifier. To hinder the generation of 
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harmonics of the beat frequency in the process of recti- 
fication, one input to the detector is made of much 
greater amplitude than the other, and to assist in making 
output independent of frequency, no alteration is made 
to the weak input (which controls the output amplitude) : 
adjustment for frequency is made on the strong oscillator. 
In Fig. 16 (1) is the “ weak" oscillator, of fixed fre- 
quency. Its output is weakly coupled to the tuned and 
neutralized amplifier (2), which in turn is weakly coupled 
to the rectifier (4). In this way itis practically impossible 
for the output of the strong oscillator (3) to get back 
via the detector coupling and affect (1). In practice, 
the oscillators show no tendency to pull into step until 
the beat frequency is of the order of 2 or 3 periods per 
sec.—the beating frequencies are in the neighbourhood 
of 300000. Further, the weak couplings and the 
sharp tuning of (2) effectively weed out the harmonics 
generated in (1), which, if they were allowed to reach (4), 
would combine with the harmonics of (3) to give multiples 
of the desired beat frequency. The detector grid voltage 
induced from (1) is about one-tenth of that induced 
from (3). 

It may be of interest to note that until (2) was neu- 
tralized, it was not found possible to work down to 
really low frequencies without '' pulling-in ” effects. 

The rather elaborate arrangement of condensers in 
(3) is mainly to give delicacy of adjustment. A is of 
1 000 pF, and C is a variable of 1 000 uF maximum. 
Bare of 100 uuF each, and D is a small variable of 20 ppF 
maximum. C is so arranged that it is all in for zero 
beat. Under these conditions the percentage change of 
capacity per degree of movement is least when (owing 
to the low beat frequency) the adjustment is most 
critical, and a fairly open scale is thus obtained over the 
whole range. D is used to keep zero beat at 0 on the 
scale, for convenience; a change of valve may make 
quite a large difference here. 

The present frequency range is 10-7 000 cycles. Below 
10, irregularities in the generated frequencies cause 
trouble. The range upward may be extended, if required, 
by increasing the condensers B and decreasing A to 
compensate. But this will probably involve a re-design 
of the filter (5). 

In the instrument as originally constructed, the 
rectifier was of the '' grid curvature’’ type. With this 
the output rose with frequency, being 10 times as great 
at 5 000 cycles as at 50; and nothing appeared to cure 
this. The trouble vanished when the rectifier was 
converted to the “anode bend ” type. The cause of 
this behaviour is unknown to the author, nor has any 
clue been found. 

The filter (5) is inserted to prevent the high-frequency 
components in the detector output from getting to the 
amplifier and appearing in the output. Thisisabsolutely 
essential if the output is to be measured by any instru- 
ment such as a valve voltmeter, which responds to high 
frequencies. As first constructed, this filter comprised 
two sections, with fixed condensers. This gave a falling 
output/frequency curve. The single section seems to be 
quite effective, and the output characteristic may be 
made rising, falling, or more or less level by adjusting 
the condenser E. 

The author fears that it would not be of great assist- 


ance to give the constants of the circuits, for the design 
of such an instrument must depend on the performance 
required. It may be stated that the set has been 
admirable in its final form, but that the process of 
adjustment was almost entirely empirical: many times 
when adjustments were made in directions indicated by 
theoretical design, the results were the exact opposite 
ofthoseexpected. Inother words, the detailed behaviour 
of such apparatus is not yet fully understood, although 
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the broad principles are familiar. The general arrange- 
ment of this source is shown in a lantern slide. 

At present, no oscillograph has been provided with 
which to test the wave-form. One can, however, arrive 
at certain conclusions. A severe test for harmonics is 
to use the instrument as source for a bridge, and test 
a bad coil or condenser. Such a component makes 
balance possible for one frequency only, even on a bridge 
nominally independent of frequency. Hence one can 
balance out the fundamental of the source and hear the 
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harmonics. The author has, as yet, found no source 
which will stand this test. 

A less severe test, and one which is more or less 
quantitative, is shown in Fig. 17. The source is con- 
nected, via a resistance, to a '' rejector " tuned to, say, 
4000 cycles, and a valve voltmeter connected across 
the latter. If the wave-form is pure, the voltage will 
show a typical resonance curve such as the solid line in 
Fig. 18. If, however, harmonics are present, the curve 
will show humps, such as that shown dotted, whenever 
the fundamental frequency is such that a harmonic 
coincides with the rejector frequency. By ascertaining 
the height of a hump above the interpolated level of the 
main curve, one has a basis for comparing the amplitude 
of the harmonic with the fundamental. 

This method was in frequent use during the adjust- 
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ment of the source, and was found to be reliable and 
useful. It is estimated that in its final form the source 
has no harmonic exceeding 3 per cent of the 
fundamental. 

(b) Voltage and curvent—For measuring audio- 
frequency currents, the multi-range thermo-ammeter 
already referred to is used; but as a rule it is found 
preferable to measure voltages rather than currents, 
using valve voltmeters. This, of course, is on account 
of the much smaller power absorbed by the valve 
voltmeter. To obtain full deflection on a vacuum 
thermo-junction and unipivot for 10 mA, 300 pW is 
required, while the voltage across a condenser carrying 
this current can be measured with a power of the order 
of 1-10 pW. 

The valve voltmeters frequently are merely bench 
assemblies, calibrated for their temporary purpose and 
designed according to the particular requirements of 
the job. For example, condenser-coupled meters are 
used where there is direct current in the circuit, and only 
alternating current is to be measured, but direct-coupled 
meters where minimum power loss in the meter or 
independence of frequency is required. 
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The standard valve voltmeter is kept permanently 
assembled. As this is in some ways unusual, it may be 
of interest. Previous experience of such meters indicated 
certain definite conditions, which may be formulated 
as follows :— 

(1) To secure sensitivity, the indicator should be a 
multi-range instrument, and, after “ setting '"' the valve 
to reproduce the conditions of calibration, the steady 
anode current should be balanced out and the indicator 
“ unshunted ” if necessary. 

(2) To secure low power consumption and indepen- 
dence of frequency, the grid should be connected directly 
to the circuit to be measured and ample bias used. 

(3) To secure permanence of calibration, the valve 
should be bombarded, not '' gettered."' 

Accordingly, the circuit of the meter is arranged as 
in Fig. 19. A 450 thoriated-filament bombarded valve 
is used,* designed for the purpose. To bring the meter 
into use, the filament rheostat is set to bring the filament 
voltage to the value used in calibration, and any small 
departure from the normal value of 40 pA anode current, 
due to small deviation of v, and/or v, from the normal 
values of 5:5 V and 60 V, is compensated by adjusting 
R,, which alters the drop across the grid voltmeter. 

° That is, a valve with filament taking 0-5 A at 4 V. 


Balancing current is then switched on at A, and R, 
adjusted until the indicator returns to zero, after which 
the instrument is ready for use. 

Tests indicate that the instrument has an input 
impedance which changes very little as the valve filament 
is switched on, indicating that the Miller effect is 
negligible. Hence one is justified in considering the 
whole instrument to be a condenser of approximately 
constant value and power factor (for varying frequency). 
It actually behaves as a capacity of about l2upuF with 
a power factor of 0:01 approximately. This, of course, 
no longer applies if there is any thermionic grid current ; 
this limit is reached for an R.M.S. input of the order of 
3-5 volts. Above this limit the meter is still quite 
effective, but the load on the circuit increases and is 
indeterminate, though never large. 

The indicator in general use is a Pye galvanometer, 
giving (unshunted) full-scale deflection (100 cm at 
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2 metres distance) for 344A. This is used witha shunt- 
box, reducing the sensitivity to either 10, 50, 200 or 
1 000 uA. On the highest range full deflection is obtained 
for 6 V (R.M.S.) input. The lower end of the curve for 
the 10 pA range is seen in Fig. 20, from which it will be 
noticed that a 2 mm deflection corresponds to 0-02 volt. 

Up to the present, the instrument has been very 
satisfactory ; the calibration seems to be quite stable 
except above the grid current limit, and there seems to 
be no frequency error up to 2 000 kilocycles, beyond 
which no tests have been made. 

(c) Capacity bridge.— The two bridges in use show 
a rather interesting divergence from what is usually 
regarded as the best practice, in that the basic standards 
are variable condensers and not mutual inductors. The 
reason for this is the fact that measurements at rather 
high frequencies are often required, when the power 
factor of the mutual inductor tends to become appreciable 
and also variable. The power factor of a good condenser 
seems to be approximately constant as regards frequency, 
and, since there is no difficulty in getting its calibration 
checked at the National Physical Laboratory, it has 
been found preferable. The standard condensers in 
use are made by the General Radio Co. of America, 
and are worm-driven, with a scale indicating up to 
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25 complete turns of the adjusting knob, and a micro- 
meter scale reading to 0-01 turn. Thus a single division 
(about 2 mm long) corresponds to a capacity change 
of about 0-6 uF, the maximum capacity being about 
0:0015 uF. The makers claim a power factor of 0-00007 
for 0-001 pF, at 1 000 cycles; this has not been checked, 
as it is beyond the range of measurement in the “ Lab.” 

Some other apparatus has been purchased from these 
makers. It was withregret that the purchase was made 
from abroad, but the apparatus in question is particu- 
larly well suited for the work and it was impossible to 
trace any equally suitable apparatus held in stock in 
this country and offering equally quick delivery and 
similar price. 

One example of such apparatus is a bridge for com- 
paring capacities of the order of those used in radio- 
frequency work. This has two equal arms of 5000 
ohms each, and two open arms for the standard and 
unknown condensers; resistance by single ohms to 
10 000 can be inserted in either condenser arm. 

The most notable feature of this bridge is the excellent 
sharpness of balance obtained by careful screening and 
symmetrical construction. There is no difficulty in 
getting true silence, although no special device such as 
a Wagner earth is installed. 

(d) Combined a.c. and d.c. bridge —The second bridge 
in use is an Anderson, designed and constructed in the 
department (except for the resistance units themselves). 
It has a wide range: measurement of inductance from 
100 uH to 100 H ; capacity from 0-001 uF to 10 pF; 
and d.c. resistance. This bridge will be shown as a 
lantern slide. The fundamental diagram is that of 
Fig. 21, which is, of course, well known. 
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In our particular example, A and B can each be made 
1, 3, 10, 30, 100, 300, or 1000 ohms, and P, Q, and M 
are variable by single ohms to 10 000. The presence 
of Q in series with the unknown has been found to be 
a great convenience. 

The lower end of the condenser can be switched either 
to the position shown in Fig. 21, or to the B-X junction ; 
in the latter position it permits of the measurement of 
unknowns having a capacitative reactance. 

To correct for possible errors in A and B, a switch 
is provided which mutually exchanges them ; this has 
been found to be very useful. 

A further switch places either a galvanometer and 
shunt-box or an amplifier in circuit as detector, and 
simultaneously operates a relay which applies either 
direct or alternating current to the input terminals. 
It was necessary to use relays, as it was feared that 
bringing the a.c. source leads to the output switch would 
have caused direct induction sufficient to prevent a 


good balance. Thus the complete bridge connections 
are finally as in Fig. 22. 

The resistance arms are all by the General Radio Co. 
of America. They are sold as accurate to 0-1 per cent 
on direct current and 0-5 per cent at 1 500 kilocycles. 
Their accuracy as actually measured is above the 
guarantee, but it is still so low as to cause a curious 
position as regards d.c. measurement. Careful tests 
have shown that by using the change-over switch so as 
to eliminate errors in the ratio arms a series of measure- 
ments may be made which are consistent among them- 
selves to 2 parts in 100 000; but their average value 
is meaningless, as it is beyond the accuracy of the 
coils. In view of the great consistency of the bridge, 
four standard coils have been made in the neighbourhood 
of 1, 10, 100, and 1 000 ohms. These have been measured 
to high accuracy by the National Physical Laboratory, 
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and are being used to check each individual coil of the 
bridge. This work is not yet completed. 

There are many interesting points in the detail design 
and working of this bridge, but, since somewhat similar 
equipment is in general use, it is considered best to pass 
on to other details. One point, however, merits attention 
in connection with audio-frequency inductance measure- 
ments. Quite the majority of such measurements have, 
in the author's case, been on iron-cored inductors (air- 
core coils are usually measured by resonance methods 
at radio frequency). In use, these inductors nearly 
always have d.c. polarizing currents, and to get accurate 
measurements of their inductance it becomes essential 
to test them with known d.c. and a.c. components. 

Various schemes were devised for applying both 
alternating and direct current to the Anderson bridge. 
This can be easily done; but it was found very difficult 
to devise means of measuring or calculating the exact 
e.m.f.’s applied to the object under test, remembering 
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that the voltages or current components must each affect 
only its own meter, and that the meter impedance must 
not affect the bridge. 

It was only a short time ago that it occurred to the 
author to use a sub-bridge as in Fig. 23, where either 
the two inductances are equal, or one of them is already 
known. This method is particularly suited to a bridge 
such as the one under consideration, as the balance of 
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the sub-bridge for direct current can be adjusted by 
using the galvanometer of the main bridge. 

The sub-bridge, of course, is not necessarily balanced 
for alternating current, but this is not important. For 
ease in calculating the current through one coil in terms 
of that shown in the a.c. meter, and also in getting its 


curves. Experience shows, however, that the source 
cannot be depended on for constancy from day to day, 
as it is very sensitive to valve voltages, etc.; and a 
monochord, or stretched-wire frequency meter, on the 
lines of one used by Mr. D. W. Dye (see Fig. 24), has 
therefore been built. 
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The wire itself carries current from the source, and is 
made to vibrate by passing through the air-gap of the 
magnet shown. The natural frequency is adjusted by 
moving the lower bridge and so altering the etfective 
length. No details can be given at present, as only a 
rough model has been tested; but there seems to be 
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reactance in terms of the measured reactance of the 
sub-bridge as a whole, it is advisable that the impedance 
of the cross-arm containing the d.c. ammeter and 
battery should be either very high or very low compared 
with that of the arms of the sub-bridge. There is no 
difhculty in making it low. Preliminary tests on this 
method would seem to indicate that it is convenient 
and accurate, but it is as yet too early to say definitely. 

(e) Frequency measurement.—The measurement of 
audio frequencies is not yet fully provided for. At 
present the method adopted is to find on the scale 
of the audio source definite readings which correspond 
to a set of tuning forks, and to draw calibration 


every possibility that the instrument will be entirely 
successful. It will, of course, be calibrated by setting 
the source to each tuning fork and then setting the wire 
to the source. It can already be stated that the sharp- 
ness of resonance is surprising. 

(f) Audio-frequency measurements carried out.—The 
audio source and valve voltmeter have been used to 
measure the amplification of a stage in the way which 
is doubtless well known. As a general rule it is preferred 
to arrange the apparatus so that one does not depend on 
the accuracy of calibration of the valve voltmeter. 
For example, when measuring a complete amplitier, 
the connections of Fig. 25 are used. An impedance 
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similar to the normal working load is inserted in the 
amplifier output circuit, in series with a known variable 
resistance of afew hundred ohms. R, and R,areadjusted 
to a ratio suitable for the amplification to be measured, 
and the test is carried out by adjusting Rg until the 
valve voltmeter remains unmoved on throwing over the 
switch A. 

For a given voltage input, the alternating-current 
component through Rg is thus known. Having measured 
the resistance and reactance of the load at the frequencies 
under consideration, it is easy to calculate the a.c. 
voltage generated in the output circuit, and hence the 
amplification. To isolate the voltmeter from d.c. effects, 
it is, of course, necessary to insert the combination B. 
The effect of this is easily calculable, since the input 
impedance of the voltmeter is also known. The correc- 
tion is easily made negligible. 

It is usual, when making such a test, to check against 
some apparatus, such as a resistance-coupled amplifier, 
of which the performance is approximately calculable. 
Hitherto all such checks have shown very good accuracy, 
of the order of 1 per cent or rather better. 

A far more difficult task, of course, is the measurement 
of the actual sound output of, for example, loud-speakers, 
in terms of the electrical power input. Apart from the 
necessity for sound-proof rooms, etc., there is the great 
expense of an absolutely calibrated microphone, together 
with (in the author's mind) a certain scepticism as to 
the accuracy of the calibration. It is therefore with 
great pleasure that the author gathered a short while 
ago the fundamental idea of a scheme which seems to 
offer the equivalent of a ''transfer instrument": a 
microphone which can be calibrated on direct air 
pressure and used on alternating pressure. Up to the 
present, however, there has been no opportunity of con- 
firming its accuracy, so a description will be deferred to 
a later date. 


(6) RADIO-FREQUENCY WORK. 


(a) Sources, and voltage, etc., measurement.—The 
laboratory possesses a weak, but accurately calibrated, 
source in the standard wave-meter described below, also 
three or four less accurate instruments of greater 
output, and some buzzer meters used for rough purposes. 
As a general rule, any need for a fairly powerful source 
is met by assembling a valve oscillator suitable for the 
job in hand, and this is a matter of only a few minutes. 

As regards measurement of radio-frequency currents, 
there is not much to be said, for the multi-range vacuo- 
junction meter mentioned above is used. But in actual 
practice the high resistance of this (40 ohms for the 
10 mA full-scale range) is often found to be a serious 
disadvantage, and as a rule it is preferred to calculate 
high-frequency currents by observing with the valve 
voltmeter the voltage across a known reactance or 
resistance. 

The valve voltmeter in use has very little effect on 
the geometry of the circuit if, as is nearly always the 
case, one side of the circuit is already at earth potential 
for radio frequencies; for the “‘ high-potential’’ ter- 
minal of the meter has attached to it only about 5 cm 
of wire and the grid itself. The meter is generally used 
across a condenser, and increases its capacity by 12 pyF. 
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The apparent power factor is known and the resulting 
effect on a resonant circuit is easily calculable. 

(b) Frequency.—For measuring radio frequencies there 
is a standard wave-meter consisting of a valve oscillator 
of quite normal type as regards circuit, but arranged so 
that it is easy to reproduce the conditions of calibration. 
Filament and anode voltmeters are permanently in 
circuit. The instrument is built with great care, the 
variable condenser is one of the General Radio Co. 
precision type already referred to, and the box is screened 
except for one small coupling aperture. The calibration 
is checked from time to time against the National 
Physical Laboratory’s waves, and small errors have been 
found. When these are plotted against condenser 
readings, it becomes clear that the coils and circuit 
generally are very constant, as all the coils usually give 
equal errors at the same condenser settings. In other 
words, the condenser itself suffers slow changes. This, 
of course, is a well-known defect in even the best variable 
condensers, and was foreseen. 

In the present case the errors are greatest at the 
lowest condenser readings, which are not used, as there 
are enough coils to give considerable overlap. In prac- 
tice, the calibration tables are not altered, but correction 
curves of percentage error against condenser setting 
are made out. The largest error up to now has been 
about 0:5 per cent, at very low condenser settings. 
Within the working range 0-1 per cent is the largest 
found. 

The method of check against calibration signals is 
simple and highly accurate. An oscillating receiver is 
used to receive both from the calibrating station (N.P.L.) 
and from the wave-meter, and the meter is adjusted 
until the complex sound heard is resolved into slow beats 
and finally exact unison. In practice, the meter is not 
dead steady, but may vary in frequency by 2 or 3 cycles 
from minute to minute, but the resultant error is quite 
negligible for the order of accuracy required—in fact, 
in most cases the error of the transmission (1 in 10 000) 
is larger. 

To guard against the obvious error of getting meter 
and distant station on opposite sides of zero beat, one 
has only to make a slight adjustment of the oscillating 
receiver. If all is well, the two notes will rise or fall 
together, still giving the same slow beats, whereas, if 
they are on opposite sides of zero beat, even the approach 
of the hand to the receiver will raise the note of one and 
lower that of the other. 

(c) Capacity and inductance.—Measurements of capa- 
city are only carried out at radio frequency in cases 
where the value is expected to differ from that at lower 
frequencies; hence condensers as such are usually 
measured on the bridge at 1 000 cycles or thereabouts. 

“ Self-capacities," on the other hand, are usually 
measured at radio frequencies. 

The self-capacities of high-impedance components 
such as anode resistances, chokes, etc., are easily 
measured by placing them in parallel with a standard 
condenser in a resonant circuit and noting the change of 
capacity required in order to regain resonance. The 
details of the procedure necessary in order to separate 
the true self-capacity of the component from earth 
capacities, etc., have already been fully described in 
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various papers, notably several by members of the staff 
of the National Physical Laboratory. The correction 
necessary for the finite inductance or resistance is simple. 

As an indicator of resonance, the author habitually 
uses the valve voltmeter. This becomes extremely 
sensitive when used in the following manner :—The 
source and circuit are arranged so that the voltage 
across the resonant circuit is 3-4 V, under which con- 
ditions the anode current of the valve voltmeter is of the 
order of 0:5mA, the galvanometer being heavily shunted. 
As resonance is approached, this current is nearly 
balanced out as already described, and the galvanometer 
unshunted, leaving a final deflection of about half the 
scale, corresponding to a net current of, say, 5 pA. 
Under these conditions the circuit is so sensitive that 
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on placing the hand within a foot of an unscreened high- 
potential point, the spot is thrown right off the scale. 
The self-capacity of coils designed for radio frequencies 
is derived, together with the inductance, in the usual 
manner by aseries of measurements of resonant frequency 
with different external capacities. It has been found, 
however, that there is a graphic method superior (in 
the author’s estimation) to the usual one for deriving 
the results. This is shown in Fig. 26. The right-hand 
scale is evenly divided in micro-microfarads, with the 
zero a short distance below the upper extremity. The 
left-hand scale is evenly divided in units of (wave-length)? 
—it may, of course, be marked in wave-length if desired. 
Each reading of A against external capacity is plotted 
as a straight line. These lines should all meet in a 
point, but actually they form a polygon of error. A 
line drawn from the zero of the wave-length scale through 
the polygon of error will meet the right-hand scale at 
a point above zero, giving the self-capacity. If desired, 
the diagonal line between the two zeros may be cali- 


brated in microhenrys, the readings being taken on the 
point of the scale vertically below the centre of the poly- 
gon. In practice, it is usually more accurate to calculate 
the inductance from the known values of self-capacity 
and external capacity. 

The advantage of the method is that it is easier to 
estimate the “ centre of gravity ” of a polygon of error 
than to draw the “ best ” straight line through a series 
of points: itis surprising to note the large errors which 
often become evident in the latter procedure when the 
results are checked by the method of least squares. 

The author is indebted for the above method to Mr. 
W. A. Barclay, who has contributed various notes on 
such methods to Experimental Wireless. 

(d) Resistance.—The measurement of the high-fre- 
quency resistance of coils is still a thorny subject. The 
author has already described various methods from time 
to time. As a result of many trials of various methods 
it was decided to use, for work in this laboratory, the 
resistance-variation method, as offering good precision 
combined with a fairly simple interpretation of results. 

With this method there are two broad alternatives. 
One is to measure the total resistance of the circuit, 
and to correct for resistances outside the coil. The 
other is to include a second coil in the circuit, measure 
the resistance of the whole circuit with and without the 
unknown coil, and find the difference. 
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In the first case there is the difficulty of measuring the 
equivalent resistances of the various parts of the circuit, 
especially of the condenser; whilst in the second case 
there is the difficulty of making sure that the introduction 
and removal of the unknown coil make no difference 
either in the distribution of current or in the way in 
which e.m.f.’s are induced. There is also the fact that 
the setting of the condenser has to be varied, which of 
course alters its effective resistance. 

Mr. R. M. Wilmotte's results at the National Physical 
Laboratory indicate that under his conditions of measure- 
ment the second method is the more accurate. But in 
spite of this the author is of the opinion that for everyday 
measurements the former method is preferable; for 
most of the resistances in the circuit can be easily 
measured once for all, whereas it needs extreme care to 
avoid important errors due to redistribution of potentials, 
etc., when a coil is introduced and removed. 

In the author's laboratory the connection box shown 
in Fig. 27 is used. This has terminals arranged for 
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direct connection to a coil-socket, straps for condenser 
and valve voltmeter, and a special socket for the inser- 
tion of a fixed high-frequency resistor. In this way the 
circuit is made very definite, and its losses, once found, 
may be allowed for afterwards. 

The high-frequency resistors are shown diagram- 
matically in Fig. 28. The first and most obvious point 
in the design of such components is that the inductance 
and capacity of all resistors shall be very nearly equal, 
and also equal to that of the link which replaces them. 
In this case the link is of 36 S.W.G. copper,:and the 
resistors of various gauges (none less than 36 S.W.G.) 
of Eureka. In some cases the resistor is partly copper 
and partly Eureka. 

Hence there is a small difference in the inductance 
and capacity owing to change in diameter. But by 
doubling the wire the inductance is made so small 
that the change in it is completely negligible in its effect 
on the whole circuit: the capacity is slightly increased, 
but the change in it due to varying wire diameter is 
lessened. It is therefore considered that when allowance 
has been made for skin effect (which is practically 
negligible) the high-frequency resistance is known to a 
close approximation, while the reactance is negligible 
at all frequencies likely to be used. There is, of course, 
a correction for power loss in the surrounding dielectric 
(ebonite) ; there is also an approximately calculable 
correction for losses due to proximity effects between 
one leg and the other. Both these losses appear to be 
negligible. 

After finding, by the usual method, the resistance of 
the whole circuit, corrections are made for losses in 
various parts of it. From the results of various tests 
it appears that these losses all enter as if they were due 
to small condensers of high power factor. As examples, 
there are the following :— 


RU Power factor ve 
Standard valve voltmeter| 12-4 0-0096 0-63 
Connection box.. Ps 14:4 0-0104 0:80 
Coil holder à 2-4 0-0254 0-32 


The last column gives a factor which is convenient in 
converting the loss into apparent series ohms in any 
given resonant circuit. 


If C, — capacity of accessory, as in col. 2 of above 
table, 
ys = power factor of accessory, as in col. 3 of above 
table, 
C, = total capacity (= condenser + self-capacity 
of coil and all accessories) in pF, 


A = wave-length, 
R' = apparent series resistance due to the acces- 
sory, 
then R = WC, 100A B 


= 09-1888 ^ c? 


In a typical case, where C, = 250 uF, À = 400 metres, 
R' = 1-12 ohms for all the accessories together. 


In order to measure these accessories, the resistances 
of some low-loss coils designed for laboratory work 
were repeatedly measured, with and without each 
accessory in circuit. In order to get fair accuracy by 
difference, it was very necessary to have an efficient 
coil, and those in use (of 56, 232, and 2 280 uH respec- 
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tively) all have power factors of 0-003 or thereabouts. 
Their resistances are :— 


Coil (uH) À R 
56 227 1:57 
232 464 2-85 
2 280 1441 10-9 


Needless to say, these coils are not a commercial 
product. They are, of course, designed on Butterworth's 
method, which has at last made it possible to design 
in advance of construction the best possible coil for 
any given conditions. 


(7) RECORDS. 


During the progress of any work, various rough 
notes are accumulated. On these is based a précis 
in the form of a report to the chief engineer; a copy 
of this report, together with the original notes, is filed 
away. 

All such matter is dealt with according to an extension 
of the Bureau of Standards extension of the Dewey 
universal classification. This system has the invaluable 
property that one can extend it to cover any work 
whatever that is being done, while still keeping close 
together in the files items which are allied in subject. 
This classification (except for further extensions suited 
to the particular work) was given in full by the author 
in Experimental Wireless, and was followed by an 
alphabetical index by R. Borlase Matthews. It is 
found to work very well. 

In the files are kept not only the department's reports, 
but also Press cuttings, patent abstracts and specifications, 
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pamphlets, papers and, in fact, all monographs, together 
with sheets which are blank except for a reference 
to some book or journal containing information on the 
subject, but too valuable to break up. 


(8) SUNDRIES. 


There are one or two minor conveniences that may 
merit description. 

It is, of course, necessary to keep a fair stock of 
valves in current use on the bench, as well as samples 
of non-standard or occasionally used valves. Those 
frequently used are kept at the back of the benches in 


Front 


long, narrow racks as shown in Fig. 29, which is a cross- 
section. 

Each valve is supported by an ordinary medicine- 
bottle cork, and labels marked with the type are fixed 
in front of each cork. For valves not in such frequent 
use there is a slide-out shelf in one of the cupboards, 
of which half is fitted with corks, and the other half 
has sides fixed to it, so that it can be filled with valves 
in cartons. 

It is necessary to have a wide variety of wire, so 
another slide-out shelf is fitted with vertical pegs to 
take bobbins: the left-hand third or so is devoted to 
resistance wire, silk-covered ; and the remainder is for 
copper wire with various coverings. Each peg has in 
front of it a label, such as :— 


'! Copper, 0:0008 (36), D.S.C.” 


Another great convenience has been a coil-winder 
consisting of a Wade lathe equipped with a 3-jaw 
chuck, a handle drive giving either direct drive or a 
6-1 step-up gear, and a revolution counter. 

Some two hundred or so single and twin flexible 
leads (the twin being black and red), 6 in. to 6 ft. long 
and properly tagged off, are an enormous convenience; 
about 50 are also kept with spring clips either at one 
end or both. The storage of these is a most difficult 
matter, and finally they have been hung from hooks 
under the front edge of the benches. Here they are 
sometimes in the way, but they are at any rate con- 
veniently available and not tangled—the inevitable 
result of keeping them in a drawer. 


(9) CONCLUSION. 


The author has purposely refrained from giving any 
details of the work done, which is a matter quite distinct 
from that of equipment. Perhaps the most stnking 
result is that already published in some of the technical 
journals, which have shown the curves of some com- 
mercial broadcast receivers of a quality rather outside 
the typical productions of the day. 

Before closing, he desires to express his gratitude to 
the Managing Director (Mr. W. W. Burnham) of Messrs. 
Burndept Wireless, Ltd., and to the chief engineer, 
Mr. C. F. Phillips, who, with characteristic foresight, 
authorized considerable expenditure on equipment and 
actual development work and have sanctioned the 
preparation of this paper. The author is also much 
indebted to Mr. Phillips for continuous assistance in 
solving the problems and difficulties which arise daily. 
Lastly, he would like to express his appreciation of the 
knowledge and initiative in actual work of his two 
senior assistants, Messrs. J. Ridley and M. G Scroggie, 
B.Sc., and his secretary, Miss D. Friedlander, B.Sc. 
The advantage of having a secretary who is also a good 
physicist 1s very great. 
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Mr. L. B. Turner: Amongst the many pleasing 
points in the outfit described, there recur to me, in 
order of complexity, (1) the use of boarding standing 
out clear of the wall (Fig. 2), for fixing instruments, 
etc.; (2) the '' polygon of errors’’ method of deriving 
the self-capacity of a coil from a number of necessarily 
not wholly concordant observations (Fig. 26); and 
(3) the use of a ''neutrodyned"' triode to prevent 
all reaction between the two high-frequency oscillators 
which together excite the rectifier in the acoustic 
generator (Fig. 16), Amongst the commoner uses of 
the triode—amplifying, rectifying and oscillating—its 
extraordinarily perfect unilateral property, whereby 
grid circuit may influence anode circuit without anode 
circuit influencing grid circuit, is often lost sight of. 
The practical difficulty—the severity of which always 
surprises me when I meet it—of keeping two nearly 
isochronous oscillators sensibly independent, is com- 
pletely overcome in the author's arrangement. In 
considering the design of a laboratory generator of 


acoustic currents, the heterodyne type adopted by 
the author offers great advantages over the simpler 
acoustic triode oscillator in respect of wide range of 
acoustic frequencies, and of ease in obtaining output 
amplitudes not varying much with frequency. The 
author mentions the latter point, and it would, I think, 
add to the value of the description of his generator 
of heterodyne type if he could give some typical curves 
or figures showing its performance in this respect. In 
Fig. 23 a method is recommended for obtaining adjust- 
able and measured values of simultaneous direct and 
alternating currents, through an inductance, such as 
an acoustic transformer winding, while it is subjected 
to a bridge measurement. I do not appreciate the 
implied necessity for the extra complication of the 
bridge within a bridge. No doubt the author has not 
proceeded from the simple to the complex without 
reason; and I should be interested to learn why a 
direct arrangement such as that shown in Fig. A 55 
not satisfactory. The alternating-current p.d. acres 
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X would be indicated directly by the thermionic volt- 
meter, and the d.c. current in it would be calculated 
from the reading of the d.c. ammeter. The 1 or 2 
megohms of shunt provided by the thermionic volt- 
meter would usually be quite negligible, and could in 
any case be allowed for. In conclusion, I should like 
to add a word on the question of d.c. supplies, to which 
the author refers early in the paper. In my laboratory 
at Cambridge we have chosen the opposite course to 
his. We have a large 4V battery for filament lighting, 
connected to all tables by solid, bare copper wire } inch 
in diameter. This has, of course, often to be supple- 


Thermionic 
voltmeter 


D.C.ammeter 
Fic. A. 


mented by small local batteries, but the number required 
is much less than if no common battery were available. 
The anode supplies, too, are taken to a large extent 
from a common 220V tapped battery. With a dozen 
or so of new students, the difficulty of avoiding ruinous 
damage resulting from misconnections may easily be 
imagined. The arrangement we have come to is shown 
in Fig. B. The rule is that no connection shall be made 
between the two batteries (4 V and 220 V) except by 
means of a single special plug and cord located at the 


To tables 


Indicator lamp 
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switchboard. This cord is provided with (i) a 3-5 V, 
0:2 A fuse lamp; (ii) a wire resistance of about 200 
ohms in series—to protect the fuse from rush of current 
on closing the H.T. supply across, possibly, several 
microfarads of bypass condenser at the tables; (iii) a 
200V, 15W indicator lamp, which glows more or less 
brightly when a misconnection has blown the fuse. 
What one really does want in addition is some con- 
venient form of fuse, or simple quick-acting cut-out, 
competent to protect a delicate milliammeter. I should 
be glad to hear of such a device. 

Mr. P. R. Coursey: I have at the works of the 
Dubilier Condenser Co. a laboratory in which is carried 
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on a somewhat similar class of work to that which the 
author has described. Naturally there are differences, 
because the two companies have different objects in view, 
with the result that to a certain extent the general lay- 
out and arrangement are somewhat different, although 
there are features common to both. The switchboard 
arrangement which we use purely for laboratory circuits 
consists of two parts (illustrated by lantern slides), the 
left half comprising power circuits, and the right half 
battery circuits. The left half is wired through to the 
main switchboard of the works, and the right half is 
connected mainly to local batteries. Of the right-hand 
half there are two portions, one dealing with H.T. 
batteries and the other with L.T. (6-volt) batteries. 
The L.T. battery throw-over switches are so arranged 
that in their lower position the batteries are connected 
through to terminals at the bottom of the switchboard 
where cross-connections can be made to the bench 
circuits, while in their upper positions the switches 
connect up the charging circuit. There are two volt- 
meters permanently mounted on this board for reading 
the battery voltages while on load. They are connected 
to the various batteries by a selector switch and also 
by a plug and sockets. On the main battery board of 
the works, which is also linked up with the laboratory 
circuits, we have the cross-connections arranged with 
plugs and sockets, the various circuits terminating on 
a two-pin plug at the end of a flexible connection, and 
the various batteries terminating on plug sockets. A 
series of throw-over switches is also fitted for enabling 
the various batteries to be put on to charge, or on to 
their discharge circuit. There are 6-, 12-, 50-, 100-, 
200- and 300-volt batteries connected to this board. 
In the laboratory the circuits which are run to terminal 
boards on each of the work benches are connected to 
the terminals on the switchboard which I have already 
mentioned and two groups of circuits are arranged. 
The common low-voltage battery connection to all 
benches to which the author refers is probably very 
convenient, but we have not adopted it as we generally 
use the low-tension battery circuits definitely switched 
on from the board to the specific bench terminals 
required. In some cases, where an entirely insulated 
low-tension battery must be used with the minimum 
capacity to earth, a portable 6-volt battery is employed 
on the bench itself. All the power circuits from the 
laboratory terminate at switches on the main power 
board of the works and can there be fed from various 
machines giving different supply voltages and different 
frequencies from 50 up to 800 cycles per sec. We have 
also provided in the laboratory a small rack of batteries 
for local use, and a transformer giving up to 50000 
volts which can be used locally for any pressure tests 
of a special nature which it is desirable to carry out 
in the laboratory, as distinct from tests in the works. 
Of the special testing arrangements to which the author 
refers, the condenser-leakage test is rather interesting 
to me as it is very similar to, but not quite the same as, 
one I have used for some years, wherein I have always 
put the test condenser in the grid circuit of the valve 
with a negative bias (Fig. C). The general arrangement 
is similar to that shown in the paper, with a milliam- 
meter (mA) in series with the anode battery B, and the 
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test condenser in the grid circuit of the valve. The 
condenser under test, marked C,, can be connected to 
the terminals provided, and there is a negative voltage 
in series with it (B3) which may be anything from 100 
to 300 volts or more, according to requirements. The 
key K is joined directly between the grid and filament 
of the valve and provides a circuit to charge the con- 
denser initially to the voltage of the battery B3. After 
pressing the key K, this charge on the condenser 
gradually leaks away and so gradually makes the grid 
more and more negative, so that the deflection on the 
milliammeter slowly falls from the initial reading down 
to zero or, I should say, down to a value which is usually 
zero, but if the leakage of tbe condenser C, is very 
small the leakage on the valve holder may hold the grid 
at some potential not quite so negative as it would 
otherwise reach. In this case the reading of mA may 
not fall quite to zero. The portion of the circuit shown 
in heavy lines in Fig. C must be particularly well 
insulated. Normally, this method gives a very simple 
test which is of the same type as that referred to by the 
author. If he has made any comparisons between the 
two methods, I should be interested to have some 
figures regarding their relative advantages. While I 
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have tried the arrangement which he shows in the paper, 
I have not used it to anything like the same extent 
as the one shown in Fig. C. This arrangement can 
also be used as a test for quickly rejecting condensers 
which have an insulation lower than a specified amount. 
If, on pressing the key, the milliammeter reading falls 
very rapidly to zero, then it is known that the insulation 
of the condenser is below a certain amount. "With the 
particular arrangement we have, this figure is usually 
of the order of 750 megohms. I should like to refer to 
one point which appears to apply to the arrangement 
shown in Fig. C and also to that shown by the author. 
It would appear that if time readings are taken, as he 
suggests, the time of passage of the needle between two 
marks on the milliammeter scale would give, directlv, 
values of the quantity ‘‘ megohm-microfarads." Such 
values are a much truer test of the dielectric of the 
condenser than the actual insulation resistance of the 
condenser. This quantity may also be quoted as ohm- 
farads, or written QF. The value forany given dielectric 
is independent of the condenser capacity. If the author 
could give some information regarding the type of valve 


which he has found most successful for use with his 


insulation test, it would, I think, add to the value of 
the description given in the paper. The arrangement 


of his audio-frequency source is a very simple one. 
Can he give any more detailed particulars of this arrange- 
ment, as compared with the direct oscillator ? Mr. L. B. 
Turner mentioned one or two advantages, but perhaps 
the author might also amplify the comparison between 
these two types of audio-frequency sources. In one 
or two cases we have found that the straight-diode 
voltmeter which the author mentions is rather more 
convenient for many measurements than the triode 
voltmeter which he describes in more detail. Can he 
give some further comparisons as to the relative merits 
of those two meters ? For the most accurate measure- 
ments with galvanometers, we found it desirable to put 
in a concrete pillar specially for the support of the 
galvanometer, particularly for measurements of very 
high insulation resistances. The type of capacity bridge 
mentioned in the paper, which we also use for special 
tests, is a very useful one. We, however, have added 
two adjustable condensers, one connected to each arm 
of the bridge and adjustable up to luF (total). By 
that means capacity readings by difference can be taken 
with considerable accuracy at 1 000 cycles, and approxi- 
mate power-factor measurements can also be made. 
Substitution measurements of this type are, in my 
opinion, more reliable than measurements taken across 
the bridge, since any lack of equality in the ratio arm 
is eliminated. 

Prof. W. C. Clinton : It may be of interest to record 
that for some 20 years we have used at University 
College a plug board in which there are no flexible leads 
at all. The board consists of a slate slab with vertical 
bars at the back and horizontal bars at the front, as 
usually arranged. The plugs screw in to the back bars 
and thus pull into firm contact with the front bars. 
These are of channel section against the slate, each one 
forming a slot as long as the bar, in which another metal 
bar slides. This bar is drilled with holes having a pitch 
slightly different from that of the holes in the enclosing 
bar, with the result that when a plug is screwed home 
no other plug can be inserted in that bar. The board 
is made in two sections, one for each pole, with the 
corresponding sliding bars linked together by an insu- 
lated connection. No inadvertent short-circuit has yet 
occurred on these boards. 

Mr. E. B. Moullin : On page 883 it is stated that all 
the rough measuring instruments have a single scale 
only. Does the author consider there is advantage 
in this ? I dislike single-range instruments for a testing- 
laboratory equipment, because I find it entails frequent 
changes during most tests. I always convert single- 
range instruments into multi-range instruments before 
they are issued for use, and I am surprised to find the 
author appears to disagree with this procedure. | 
should like to hear further details of the construction 
of the high-resistance units of the decade boxes made by 
the General Radio Co. and mentioned on page 855. 
The author refers to a wattmeter and its corrections, 
but tells us nothing about the instrument itself. It 
must necessarily be a very sensitive instrument: 15 
it a reflecting instrument of his own construction oF 
some pivoted pattern of high sensitivity ? The author's 
device for testing insulation resistance is most ingenious, 
but he does not tell us why it was found necessary t? 
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substitute this for a simple galvanometer test. Per- 
sonally I use a potential difference of 500 volts derived 
from a.c. mains and rectified by a small receiving triode, 
and then one may readily detect a leak of, say, 50 000 
megohms. The rectified source is very convenient, 
because it cannot supply a current greater than a few 
milliamperes, even on short-circuit. I should have 
imagined the valve device would have been more satis- 
factory if the charged condenser had been applied 
between the grid and filament. The grid would then be 
given a large negative bias sufficient to suppress entirely 
the anode current: when the condenser voltage hád 
fallen to some definite amount, anode current would 
begin to flow. The arrangement would in effect be a 
*' slide-back voltmeter.” I understand that the thermo- 
couple milliameters are arranged as standards for 
measuring high-frequency currents and are permanently 
calibrated. The calibration is apt to be upset by 
changes of atmospheric temperature, because the gal- 
vanometer circuit is mainly copper and has therefore a 
considerable temperature coefficient. I should like to 
draw the author's attention to an automatic compen- 
sating device I use to eliminate the temperature 
correction. The heater has in parallel with it a shunt 
the resistance of which at 0? C. is equal to that of the 
heater: the temperature coefficient of the shunt is made 
equal to that of the galvanometer circuit. The shunted 
instrument is then independent of temperature-changes, 
whatever be the temperature coefficient of the heater 
itself.* "With respect to valve voltmeters, I should like 
to know why the author insists (on page 890) that 
“ To secure low power consumption and independence 
of frequency, the grid should be connected directly to 
the circuit to be measured and ample bias used." 
Usually I prefer to work with an inductance coupling, 
because if the instrument is direct-coupled its great 
sensitivity often tempts one to cut down the power in 
the circuit to an absurdly small value and then the 
power used by the voltmeter may not be negligible. 
The graphical method of determining self-capacity, 
illustrated in Fig. 26, is most ingenious and useful. 
The author makes no mention of the Meissner method 
of measuring self-capacity by immersing the coil in 
paraffin oil. I find this method most useful and satis- 
factory, because the whole determination is made by a 
single measurement which does not require a frequency 
measurement. Of course the author may reply that 
many coils must not be immersed, but on the other 
hand there are many coils which may be, and I think 
the method is a very practical one for routine tests in 
the laboratory. I am surprised the author makes no 
reference to resistance  potential-dividers for high- 
frequency work. I find them invaluable adjuncts 
for laboratory measurements because they are so much 
more readily adjusted than an inductive coupling. 
With regard to high-frequency resistors, I should like 
to know why the author uses separate units which plug 
into a holder, in preference to a decade box. Obviously 
it is a nuisance to have a collection of loose units and the 
system would not have been adopted without some 
reason. 

Mr. J. H. Reyner : While the methods described in 
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the paper are of considerable interest, and none of 
them is, in my opinion, too academical for practical 
purposes, the equipment would seem to be beyond the 
reach of many works laboratories. At the same time, 
the author gives many details of great practical value, 
which suggest methods of achieving similar results with 
less expensive apparatus. He mentions the inter- 
dependence of frequency and output in the rectifying 
system of the beat low-frequency oscillator, and states 
that by using cumulative grid rectification serious 
variations in the output result. This is an extremely 
interesting point, because I have had trouble myself 
with this type of oscillator on which little practical 
information has hitherto been available. On page 890 
there is a further reference to this question, it being 
stated that condenser-coupled valve voltmeters are 
unsuitable where independence of frequency is required. 
Is this an established fact or is it simply a corollary 
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from the author's previous results in connection with 
the development of the oscillator ? There are two 
quite simple methods which I should like to mention 
in connection with the paper. One concerns wave- 
meters for use as frequency standards. Mention has 
been made of a method of utilizing a calibrated quartz 
crystal as a source of standard frequency, which is a 
system that I have used for some time with a certain 
amount of satisfaction. The method adopted is to tune 
an oscillator exactly to the frequency of a quartz crystal 
having a frequency of the order of 500 kilocycles, and 
then to synchronize a second oscillator to a frequency 
of one-tenth of the first oscillator. Harmonics of the 
second oscillator can then be picked up on the original 
oscillator, and thus a series of check points are obtained 
separated by comparatively small frequency differences. 
For tuning the first oscillator exactly to the quartz 
crystal and also for obtaining a check on this standard 
frequency from time to time, a simple check-meter is 
used. It consists of a tuned pick-up circuit having a 
rectifying crystal in series with a microammeter shunted 
across a portion of the circuit (about one-third) and the 
quartz crystal in question shunted across the whole 
circuit. An ordinary resonance curve on the microam- 
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meter is obtained by varying the frequency of the 
oscillator to be calibrated. The resonance point is 
somewhat indefinite, but at the particular frequency 
which resonates with the quartz crystal an absorption 
effect occurs, causing a very sharp dip in the resonant 
curve, as shown in Fig. D. This method, in addition 
to its usefulness in calibrating an oscillator, is of con- 
siderable value in measurements involving an accurate 
indication of resonance, for example the measurement 
of very small capacities. The oscillator condenser is 
accurately calibrated, and the resonance point is obtained 
with and without the unknown capacity in parallel. 
The difference between the two readings is the capacity 
of the extra condenser. It is possible to obtain a high 
order of accuracy by this method in measuring very 
small capacities. The other matter I should like to 
mention is a system of detecting high-frequency oscilla- 
tions without the necessity of setting up a valve volt- 
meter. The method is one suggested by the Bureau 
of Standards, Washington, some time ago, and has the 
advantage that it introduces very little extra damping 
into the circuit. A crystal is connected to the high- 
potential end of the circuit, and a sensitive microam- 
meter is shunted across the crystal itself (Fig. E). This 
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gives very good results, but of course it depends upon 
capacity to earth, which must therefore be properly 
under control to avoid discrepancies in the readings. 
My experience shows that this can easily be done, and 
sensitive and accurate results are obtainable without the 
trouble of installing expensive a.c. instruments. 

Mr. L. H. Bainbridge-Bell: A previous speaker 
mentioned the difficulty of testing receiving sets in 
presence of electrical interferences from neighbouring 
machinery. My own experience in trying to trace 
such sources may be of general interest. Interference 
in a recciver using a frame aerial was experienced when 
a certain line of shafting (driven by an electric motor) 
was running. The usual remedies (i.e. connecting the 
armature to earth through large condensers) produced 
no result. It was found that the noise continued after 
the motor had been switched off, and disappeared only 
when the shaft had stopped. The fault was traced to a 
d.c. leak from the mains which caused the stanchions 
carrying the shafting to have different potentials: the 
resistance of the connection between them, via the shaft 
and the shaft bearings, varied when the shaft was 
turned. The fault was cured by bonding all the 
stanchions together. In another instance, interference 
from a transmitter, which was being tested on a con- 
tinuous load, was noticed to be varying rhythmically 
in strength in svnchronism with the rotation of another 
line shaft. Here, as before, the trouble was eliminated 
by bonding the shaft bearings. In some cases it has 
been found that although connecting the brushes 
(through condensers) to earth has had no effect, con- 
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necting them to the carcase of the motor has been verv 
successful. The reason for this has not been investi- 
gated. Generally, in tracing and eliminating sources 
of interference, it was found that the only quick and 
satisfactory method is for the telephone leads to be 
extended so that one person can switch the motor on 
and off and connect condensers to it while actuallv 
listening to the results in the telephones. If thought 
necessary, a screened transformer can be inserted in 
the telephone lead at the receiver end. Mr. L. B. 
Turner asked for particulars of a fuse which would blow 
at a very small current. It has been found possible 
to use the foil employed in Mansbridge condensers as a 
fuse for this purpose. On a previous occasion I was 
able to construct a fuse of this material which would 
carry only about 10 milliamperes, but lately I have been 
trying to repeat this and have not been able to make 
one to blow at less than 50 milliamperes. The reason 
for this difference is possibly the different types of foil 
employed by different makers. As it is impossible to 
see whether the foil has fused or not, if fusing is suspected 
the fuse has to be tested electricallv. 

Mr. W. L. McPherson: The author appears to prefer 
heterodyne oscillators for very low frequencies. We 
have recently done a great deal of work at periodicities 
down to 15 cycles and we found that the straight 
oscillator using iron-core coils gave very good results 
and was on the whole more trustworthy than a hetero- 
dyne oscillator, even one in which precautions had been 
taken to avoid the production of harmonics due to 
beats between harmonics of the heterodyning fre- 
quencies. I note that the author complains of a slight 
variation in the wave-length when using a G.RC. 
condenser. We had the same experience, and the trouble 
was traced to the fact that the moving vanes moved 
relative to the spindle very slightly every time the dial 
was brought up against thestops. In regard to the valve 
test-set, has the author any arrangement by means of 
which he can test the efficiency of the valve as a detector ? 
One or two speakers have referred to the question of 
" mush ” in works. The laboratory with which I am 
concerned is subjected to a very great amount of inter- 
ference from motors, shafting, etc. We have found 
that for measurement purposes a very great deal can 
be accomplished by connecting the apparatus in a cage 
of ordinary steel netting of about lin. mesh. That 
was much more successful than we expected it to be, 
and we found it was quite possible to make radio- 
Írequency measurements on receiving apparatus inside 
the cage with a transmitter giving out about 5 kW of 
radio-frequency energy into an artificial antenna 30 ft. 
away. 

Capt. B. S. Cohen: The existence of such works 
laboratories as that of the author should convince 
purchasers of broadcast receivers of the efficient design 
and reliability of sets of British manufacture. 1 propose 
to confine my remarks to the heterodvne oscillator 
(see pages 888 and 889). There are now three types 
of heterodyne oscillator of which particulars have been 
published, viz. the Dollis Hill type described by Messrs. 
Aldridge and West and myself in the I.E.E. Journal * 
and in more detail by mvself in the Post Office Electrical 


* Journal I.E.E., 1926, vol. 64, p. 1023. 
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Engineers’ Journal (1927, vol. 19, p. 309). The second 
set is that made by the British Broadcasting Corporation 
and described by Mr. Kirke in the Wireless World, and 
now we have the set described in the present paper 
which embodies features of both the other sets. In the 
Dollis Hill set both high-frequency oscillators are 
amplified and it has been found advisable to incorporate 
this feature in the portable form which at first was 
built without high-frequency amplification. The author 
suggests that we were favoured by fortune in over- 
coming various difficulties, but I would state with all 
due diffidence that the only favours granted by fortune 
were those which generally accompany elaborate and 
detailed measurement. No difficulty is experienced in 
building replica sets to the details given in the papers 
referred to, to give results in accordance with those 
published. The obtaining of a constant output over 
the audio range is not found to be one of the most 
dificult problems. If the transformers are of proper 
design with plenty of stalloy core cross-section and well- 
designed interleaved windings, and if the last stage of 
audio-frequency amplification has the anode coupling 
described, consisting of an inductance of the order of 
0-2 henry in series with a variable resistance, there is no 
difficulty in getting a flat characteristic. To obtain 
purity of wave-form has been found to be the more 
difficult problem, and here the avoidance of all inter- 
action is essential. The use of individual chokes and 
condensers in each H.T. feed was found to be of great 
importance, as also was efficient screening. It is also 
of course essential to use valves which can deal with the 
output, and we find that valves of the L.S. 5a type are 
desirable in the last audio-frequency stage. It has not 
been found necessary to go higher than 70 000 to 80 000 
cycles per sec. for the oscillator frequency, and some 
of the problems are simplified by keeping this frequency 
low. The author gives no quantitative measurements 
of wave-form purity. Quantitative measurements of the 
wave-form purity of the Dollis Hill oscillator now indi- 
cate a maximum amplitude harmonic of the order of 
9 per cent. 

Mr. M. G. Scroggie (communicated) : Regarding the 
audio source concerning which a number of inquiries 
have been made, the following additional details refer 
to the circuit diagram, Fig. 16. The coupled coils in 
compartments (1), (2), (3) and (4) are in each case 
wound on bakelite formers having slots with inside and 
outside diameters lẹ in. and 1# in. respectively and 
width $ in. Each coil is wound, in a separate slot, with 
$ in. spacing between slots. The tapped coil in (2) is 
in two sections as in (1) and (3); each of these six 
sections consists of 60 turns of 26 d.s.c. wire. The 
coupling coil in (2) has one turn, and the coils in (4), 
from top to bottom, 40 turns of 24, 185 of 32, and 
90 of 28, all double silk-covered. The remaining coils, 
in the anode circuits of (1) and (3) and in (5), are chokes 
with 1 000 turns of 44 d.s.c. wire wound in a single slot. 
Valves (1), (2) and (3) are of moderate impedance, 
(4) and the first two in (6) of high impedance, and the 
last valve of extra-low impedance. An external addi- 
tional stage has now been constructed, containing two 
L.S.5 valves in parallel. The filament battery is 6 volts, 
anode 150 volts, and grid bias to (2) and the first two 


of (6) 3 volts, to (4) 13-5 volts, and to the last valve 
22:5 volts. The grid bias to (4) is critical. The anode 
resistors are of 45 000 ohms, and the remaining com- 
ponents are quite normal, except the coupling condensers 
in (6) which are 2,4F. The capacities of the various 
condensers are as follows :— 


Capacity, 
Condenser mm 
A nd ots à ] 000 
B ahs i Ls ps 100 
C wi a us .. A 500 (Max.) 
D Eae ee = T 25  ,, 
E ne $5 pA .. $000 ,, 


‘Condenser “ D ” has now been moved to compart- 
ment (1) where it is connected across the grid and anode 
ends of the coils. The output curve rises rapidly to 
about 100 cycles and remains substantially level to 
4 000 cycles, where it dips slightly and rises above the 
original level at 7 000 cycles. It has been found that 
the frequency of the two oscillators is too high ; about 
100 000 cycles is a more useful figure—in fact one should 
use the lowest frequency at which a change of 7 000 
cycles can be obtained without appreciable variation in 
strength of oscillation. An important point in the 
reduction of harmonics is the adjustment of filament 
temperature, but this can only be ascertained by trial. 
Before using the apparatus it is switched on for at 
least 10 minutes to allow the frequency to settle down, 
as the drift is quite large at first. 

Mr. P. K. Turner (in reply) : Before making detailed 
comments on the discussion, I should like to express 
my gratitude to the speakers, who have, by their remarks 
and descriptions of alternative methods, added greatly 
to any value that the paper may possess. 

Mr. L. B. Turner asks for details of the frequency- 
output characteristic of the acoustic generator. Un- 
fortunately, I have not available a copy of this curve, 
but some further details of this instrument will be 
found in Mr. Scroggie’s communication. Mr. Turner 
also raises a question as to the necessity of the suggested 
double bridge for measurement of the inductance of coils 
carrying direct current. Certainly his suggested method 
(Fig. A) ismuch simpler, and it may only have been care- 
less arrangement that gave me trouble from earth effects 
with similar circuits and led to experiments with the 
double bridge. As indicated, this work was still incom- 
plete at the time of submitting the original paper, and 
no opportunity has yet occurred of completing it. 
Mr. Turner’s arrangements for avoiding serious break- 
down with common batteries are very sound, but in 
my view the possibility of cross effects makes it unwise 
to use common batteries where precision work on ampli- 
fiers of high magnification may have to be done. 

Mr. Coursey’s arrangements for power supply are on 
a more ample scale than mine, but seem to be of the 
same general type. With regard to the comparison 
between his type of condenser leakage tester and that 
described in the paper, there would appear to be little 
to choose as regards performance, while I note that his 
type requires two independent batteries of 100 volts or 
more as against one in mine: it was, in fact, this point 
which led to the adoption of this type. As to the 
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choice of valve, little work has been done—any valve 
having a fairly high p value seemed effective, provided 
its insulation was really good. Mr. Coursey asks for 
further details of the beat audio source, as compared 
with a direct oscillator. There really seems little to 
add to the reasons given on page 888, except that the 
beat method also makes it easier to get a wide range 
of frequency with easy adjustment. He also inquires 
as to the diode and triode voltmeters. The former has 
a high input impedance of 50 000 to 500 000 ohms; 
but the latter has one even higher, which is sometimes 
important. The diode type has an evenly-divided scale 
except for voltages below about 2, and can be made to 
read from about 1 up to several hundred volts; the 
triode, of usual design, has a more or less even scale of 
(volts)? and extends from about 0-02 to 6 V. It is 
difficult to make a constant resistor of high value for the 
diode type which maintains an unchanged impedance 
at high frequencies: this does not apply to the triode. 
Lastly, in my experience the diode type has a rather 
greater error for complex wave-forms. Obviously the 
choice between the two is a matter involving the 
particular work on hand at the moment. 

Mr. Moullin raises a point as to rough measuring 
instruments. I certainly agree that it is pleasant to 
have all instruments of the multi-range type; but in 
my department economy has to be considered, and the 
reason for selecting single-range meters was in order to 
have plenty, in fact a dozen or so per worker. One 
3-range instrument will not replace three single-range 
ones, for it cannot be used in three places at once. In 
the majority of cases where rough instruments are used, 
they are to check the constancy of, say, a filament 
voltage or an anode current during a series of tests. 
When measurement as such is required a more accurate 
instrument is used, and these, being fewer in number, 
are mostly multi-range, as described. The G.R.C. 
decade boxes referred to by Mr. Moullin consist of Ayrton- 
Perry coils of manganin wound on flat bakelite formers. 
The wattmeter is a pivoted instrument, with two current 
windings for series-parallel connection, and a voltage 
multiplier. It thus has the four ranges shown in Fig. 15 
of the paper. As to the comparative merits of the 
condenser tester and the ordinary galvanometer method, 
my opinion is that the former has overwhelming 
advantages. It requires only a robust pivoted meter, 
it uses much less voltage (which is sometimes of import- 
ance), and it requires no precautions to deal with the 
charging current, which is fatal to a galvanometer unless 
care is taken. In fact, the valve method can be used 
in a workshop, while the galvanometer method cannot. 
Since its accuracy is ample for the work, in my opinion 
there is no serious comparison between the two. The 
choice of the particular wiring chosen has already been 
explained in reply to Mr. Coursey. Mr. Moullin’s 
excellent shunted thermo-junction has been known to 
me since the publication of his book referred to. It 


was not mentioned in the paper as I have not yet had 
occasion to use it. Perhaps the paper was not quite 
clear as to the input connections of valve voltmeters. 
The words '...grid should be connected direct to 
the circuit to be measured...” referred only to the 
absence of condensers and ''grid-leak," and were not 
intended to exclude the use of inductive coupling. 
The Meissner method of measuring self-capacity is 
ingenious and, in some circumstances, most valuable ; 
but in my opinion its validity requires deep consideration 
except in the case of coils with practically no solid 
dielectric. It hardly seems suitable for recommendation 
as a general method for use in the type of laboratory 
described. The high-frequency resistors described were 
for precision work, and it is my view that separate, 
fixed resistors are more suitable for this purpose (on 
account of smaller reactance, dead-end effects, etc.) 
than any type of variable high-frequency resistor. 

In reply to Mr. Reyner, the unsuitability of condenser- 
coupled valve voltmeters where independence of fre- 
quency is desired is simply a matter of the reactance of 
the condenser. If the phase angle and capacity of the 
valve, and the phase angle of the necessary leak, are 
accurately known at all frequencies, the correction may 
of course be calculated or, in most cases, made negligible ; 
but the point is of importance, e.g. in calibrating on 
50 cycles per sec. (as is often done) a meter designed 
for use at radio frequencies. The quartz crystal method 
of detecting resonance is of course very valuable, but 


in my view the '' one-ended ” crystal method described 


by Mr. Reyner is far inferior to the use of a valve volt- 
meter employed as described on page 894. 

I am grateful to Mr. Bainbridge-Bell for his suggestion 
of using Mansbridge coated paper for delicate fuses, 
the need of which I myself have felt just as severely as 
has Mr. L. B. Turner. 

Mr. McPherson refers to testing the efficiency of 
valves used as detectors. This matter has been gone 
into very thoroughly by Mr. F. M. Colebrook,* and by 
taking a grid-voltage/grid-current curve and deriving 
therefrom the parameter b as described in the reference 
one can get a very good comparison, bearing in mind 
that this b is more or less a measure of the grid depression 
produced by a given a.c. input, and that therefore the p 
and/or mutual conductivity of the valve must also be 
considered. 

I must disavow the suggestion attributed to me by 
Mr. Cohen. It was not suggested that Mr. Cohen and 
his co-workers were favoured by fortune in overcoming 
difficulties; rather that the favour was in not having 
any, for none were referred to in their paper. Frankly, 
I am gratified to be able to surmise from Mr. Cohen's 
remarks that he also had his troubles in the initial 
stages of design and experiment. His suggestions in 
regard to design are of great value. 


* F. M. CorEBRoox : '' The Rectification of Smal! Radio-frequency Potential 
Differences by Means of Triode Valves," Experimental Wireless 1925, vol. 2, 
pp. 865 and 946, 
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INVESTIGATION 


OF CONFLICTING CABLE-SHEATH LOSS FORMULZ/E.* 


By L. C. Hutcuison. 


(Paper first received 6th April, and in final form 26th November, 1926.) 


SUMMARY. 


Formule for calculating the eddy-current loss in the 
bonded sheaths of single-conductor cables have been pub- 
lished in the IZ E.E. Journal. These contain a term log 
[(1 — K)/K] instead of the usual term log (1/K) used by most 
authors in formule for this purpose, namely those published 
in the Electric Journal. These two terms are caused by 
using different limits in integrating the conductor flux, 
thereby producing quite a difference in the results obtained 
by the two methods. 

The present author has carried out an investigation by 
working out a practical example, using an independent 
method, with a view to determining which formula is 
correct. The results of this investigation show that for 
close or practical spacing the formule published in the 
I.E.E. Journal give a result too low and also that the term 
log [(1 — K)/K] should be changed to log (1/K). 


There is quite an extensive use of single-conductor 
underground cables with lead sheaths in alternating- 
current systems, and it is common practice to earth, 
or bond, the sheaths of such cables at more than one 
point, with a view to protecting not only those who 
have to handle them but also in many cases the cables 
themselves. 

Since it is possible, under certain conditions, for 
the eddy-current loss in the sheaths of such cables 
to be much higher than the loss in the conductors, 
it is very essential that correct formule be used 
in the calculation of these losses. Formule have been 
published in the J/ouwurnalt which differ from those 
by other authors. These formule contain a term 
log((1 — K)/K] instead of the usual term log (1/K) 
and consequently the results differ widely from those 
obtained by other methods. Attention was called to this 
difference by H. B. Dwight,] who showed that, in one 
example used, the sheath-loss ratio should be 37.8 
per cent instead of 18:3 per cent as given by the Cramp 
and Calderwood formula. Since the term log ((1 — K)/K] 
has been repeated and defended $ the present author 
has carried out an investigation at the Massachusetts 
Institute of Technology, using an independent method, 
with a view to determining which formula is correct. 
The results of this investigation show that for practical 
installations the Cramp and Calderwood formula gives 


* The Papers Committee invite written communications (with a vlew to 
publication in the Journal if approved by the Committee) on papers published 
in the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 


the : Wt to which they relate. 
Cramp and (Miss) N. CALDERWOOD : * The Use of Single-Core 
Siesta Cables for Alternating oT ournal I .E.E., 1923, vol. 61, p. 477. 
t H. B. Dwicur: ‘ Losses in Grounded heaths of Single- -Conductor Cables, " 
Electric Journal, 1924, vol. 21, p. 
$ The formula was repcated b 


Prot. Cram D e Journal I.E.E., 1925, vol. 63, 
p. 379. Sce also discussion in 690. 


ournal I.E.E., 1925, vol. G3, p. 


a result too low by the amount shown above, and the 

term log ((1 — K)/K] should be changed to log (1/K). 
Eddy currents in the earthed sheaths of two cables 

laid side by side may be divided into two main classes :— 


(1) Eddy currents having both outward and return 
paths in one sheath. 

(2) Eddy currents having an outward path in one 
sheath and a return path in the other sheath. 


The losses due to the currents of class (1) have been 
shown in the Cramp and Calderwood paper to be 
negligible. It is the.losses due to the currents of 
class (2) that are of importance, since it is possible for 
these in some cases to be much higher than the con- 
ductor loss. 

Referring to Fig. 1, let A and B represent two cables 
in a single-phase circuit. The sheaths of both cables 
are earthed at more than one point. In deriving the 
induced e.m.f. that sends the currents of class (2) 
circulating in both sheaths, Cramp and Calderwood 


integrate the flux due to the current in A, from the 
sheath circle A to the sheath circle of B. This is on 
the assumption that the flux due to A between the 
sheath circle and the centre of B is damped to such an 
extent by the eddy currents which A induces in the 
sheath of B, that it is negligible. It was mentioned 
that although this is only partially true, it is sufficiently 
near to justify such an integration. The induced e.m.f. 
derived by integrating the flux of both conductors in 
this way when squared and divided by the corresponding 
resistance of the sheaths in series gives the sheath loss. 
K is the ratio of the mean sheath radius to the distance 
between the conductor centres. Most formulae of this 
nature integrate the flux of a conductor from the mean 
sheath circle of this conductor to the centre of the 
other, thereby involving the term log (1/K). 

In the derivation of the Dwight formula the usual 
long integration of flux is made, but the expansion 
series are designed to take care of the damping effect 
of the eddy currents upon the conductor flux. The 
formula given by Dr. H. B. Dwight (Equation 28)* for the 


* [oc. cit. 
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loss in short-circuited non-magnetic sheaths of single- 
conductor cables in a single-phase circuit is thus in the 
form of a series, the first term of which is :— 


Loss in sheath 2a2/4 (10 x 3! 
Loss in conductor at zero frequency et 6 c 


where a = radius, in cm, of a copper wire of the same 
resistance as the power cable ; 
[2 = 2actw|p 
c = mean radius of sheath in cm ; 
t = thickness of equivalent copper sheath in cm ; 
w = 2rf ; 
f = frequency in cycles per sec. ; 
p = specific resistance of copper, in absolute 
units, at the given temperature ; 


8 = spacing of cables, centre to centre ; 
so that gfe = 1/K. 


The formula given in the paper by Professor Cramp 
and Miss Calderwood is as follows :— 


Mean loss per cm? of mean sheath surface 


3-386 q*?[*I?S 1— K? 


Here I is in amperes, p is in ohms and S is the thickness 
of the sheath in cm. 

This formula involves only the first step of a 
proximity calculation, so that it is comparable with the 
first term of Dr. Dwight's series as given above. 

The additional terms of the latter are in the usual 
cases small compared with the first term. This shows 
that the flux should be integrated to the centre 
of the cable, for the effect of the additional induced 
currents, which has been accurately calculated by 
Dr. Dwight, is not large. 

Thus, in the example quoted in the second paragraph 
uf this paper, the integration to the centre of the cable 
gives 37 per cent loss and the additional eddy currents 
increase the loss to 38 per cent. In this case, thev do 
not decrease the loss, as stated by Professor Cramp. 
The integration which stops at the nearest point of the 
sheath and gives 18 per ‘cent loss evidently does not 
give even a first approximate calculation of the sheath 
loss. 

The example referred to above is called example III 
in the Dwight paper and is taken from the fourth line 
of Table 2 of the Cramp and Calderwood paper. 


Example III.—Single-conductor lead-sheathed cables 
in a single-phase circuit, f — 50 cycles per sec., 
conductor spacing — 7-06 cm, mean sheath 
radius = 2-12 cm, p for copper = 1:78 x 10-6 
ohms/cm3, p for lead = 20-8 x 10-6 ohms/cmS, 
conductor section = 6-45 cm?, sheath thickness 
= 0:279 cm. 


Since a solution of the currents and losses in a system 
of round wires can always be found exactly by simul- 
tancous equations, if the wires are grouped so as to 
imitate a sheath they will give a trustworthy indica- 
tion of the losses in the sheath. Fig. 1 shows the 
arrangement of the cables in example III. A and B 
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are the copper conductors each having a resistance of 
2:76 x 10-7? ohms per cm length. Let us consider 
the sheath of A concentrated into a small wire as c 
having a resistance of 5 580 abohms * per cm length 
and a diameter of 0-279 cm, which respectively equal 
the corresponding resistance and thickness of the 
sheath itself. The small wire c and a similar wire d, 
replacing the sheath of B, are located on the mean 
sheath circles. Let the currents in A, B, c, and d 
respectively equal 74, — I4, Ic, and — Iç abamperes.] 
All flux of the system is integrated up to some far-off 
point p. The flux linkages around a wire due to its 
own current J are 


1(0-5p +2 logs”) 


where r is the radius of the wire. 
The flux linkages around a wire due to the current 
I’ in another wire at an axial distance s are 


Ix2 loge 


These equations give the reactive drop in any wire. 
Since in any system the sum of the outgoing currents 
is equal to the sum of the return currents, the quantity p 
will always cancel out. 

By adding the pressure-drop due to resistance, the 
drop in each wire due to impedance is found in terms 
of the currents. Then by solving the simultaneous 
equations, the values of the currents in the wires which 
are in parallel are calculated. 

Flux linkages around wire c due to 


Ic = Ic X (0-5 + 2 log, (p/0-14)] 


— Ic = — Ic x 2 log, (p{2-82) 
Ia = 14x 2 log, (p[2:12) 
— I4 — I4 X 2 log, (p[4:94) 


In the above equations the linkages are per cm 
length of wire. The total linkages about wire c, after 
simplifying and taking p = 1-0 for non-magnetic sheath 
wires, become (6:°50/¢ + 1:697,) per cm length. The 
reactive drop in abvolts in c is equal to jw times the 
number of flux linkages around this wire, where 
w = 2mf. 

Then, adding the resistance drop to the reactive 
drop and equating this to zero, since the wires c and d 
are short-circuited, it follows that 


5 580I¢ + j314(6: 51e + 1-6914) = 0 
Solving for Ic 
IclI4 = — 0:0306 — 70-0837 
12/17, (numerical) = 0-00795. 
— I4 x 0:00795 x 5:58 x 10-8 
Loss in conductor'A - 14 x 2:76 x 10-7 
EM = 0-161 = 16-1 percent. 
In case II of Fig. 2 the sheath is considered to be 
made up of two small wires each having twice the 


amount of resistance per cm length of the sheath, 
that is, 2 x 5 580 abohms. The diameter of cach 
* An abohm is an absolute unit of electrica! resistance. 


One abampere is one absolute electromagnetic unit of current, i.e. 
10 amperes, 


Loss in wire c 
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of these small wires is equal to the sheath thickness 
as in case I. The currents in the two upper sheath 
wires are considered to be equal and opposite, while 
the same remark holds true in regard to the two lower 
sheath wires. Simultaneous equations are set up 
similar to that in case I, and the value of the currents 
in the sheath wires relative to the conductor current 
is found. Then, as in case I, the new sheath-loss ratio, 
which in this case is the loss in the two small sheath 
wires relative to that in the conductor, is calculated. 
In cases III, IV, V and VI, each of the small sheath 
wires has in each respective case 2, 3, 4 and 8 times 
the resistance per cm length of the normal sbeath, 
and in all cases the diameter of each sheath wire 
is equal to the sheath thickness. The ratio of the loss 
in the sheath wires to that in the conductor is given 
below in each case. Such a method of filling in the 
sheath circle with numerous wires gives a very depend- 
able estimate of the loss in the sheath itself. Judging 
from the small increase in the loss ratio in going from 
case V to case VI, it appears that case VI gives a very 
good estimate of this relative loss, since further dis- 
tribution of the sheath wires would raise the ratio 
very little. This result compares closely with that by 


l6:1per cent 27-1 per cent 


35-9 per cent 


34:4 per cent 


37.3 per cent 


36:7 percent 
Fic. 2. 


the Dwight formula ; it is, however, much higher than 
the result by the Cramp and Calderwood formula. 
Since low sheath resistivity is very conducive to 
eddy currents, curves have been plotted to investigate 
the results by the three methods, using sheaths of very 
low resistance. Curve A is by the Dwight formula, 
B is by the Cramp and Calderwood formula, and C is 
by the 8-wire method. In calculating the points for 
the 8-wire curve the arrangement used is the same as 
in case VI; in the derivation of the simultaneous 
equations the resistance of the sheath wires is, however, 
different for the various points of this curve. For 


instance, for 10 per cent normal sheath resistivity each 


wire has 8 x 558 abohms per cm length, whereas in 
case VI, normal resistivity, each wire has 8 x 5 580 
abohms per cm length. The B-curve values vary 
inversely as the sheath resistivity, since the loss ratio 
by this formula is proportional to the general expres- 
sion E?/R. The curve by the Dwight formula follows 
the wire curve very closely over its range of applica- 


tion; but for values of sheath resistivity less than 
40 per cent normal, the series becomes divergent for this 
particular example. The wire curve resembles a curve 
showing power input plotted against resistance for a 
circuit containing an inductive reactance and a variable 
resistance, such as the speed/torque curve of an induction 
motor. Starting with a value of resistance larger than 
the reactance the power input rises to a maximum 
value when the resistance is made equal to the reactance, 
and then falls off to zero as the resistance becomes 
zero. For about 14 per cent normal sheath resistivity 
the results by the wire curve and by the Cramp and 
Calderwood curve are the same, but the dispositions of 
these two curves are quite different. The wire curve 
is considerably higher than the B curve up to the peak 
point, and then for still lower sheath resistivity curve B 
continues to rise, whereas curve C rapidly drops to 
zero. This indicates that for values of sheath resistivity 


Ratio of shcath loss toconductor loss, per cent 


$00 80 60 20 0 
Percentage of normal sheath resistance 


Fic. 3.—Curves showing the variation of the ratio of 
sheath loss to conductor loss with sheath specific 
resistance. 


in a commercial range the loss is underestimated, and 
for very low resistivity it is overestimated by curve B. 
If the term log ((1 — K)/K] of the Cramp and Calder- 
wood paper is changed to log (1/K), then the result by 
their formula is 37 per cent for example III, and the 
results by this formula would agree closely with those 
by the wire method over the commercial range of 
sheath resistivity. This would mean integrating the 
flux of a conductor from its sheath circle to the axis 
of the other conductor, which indicates that the damping 
effect of the eddy currents upon the conductor flux is 
negligible and their assumption in regard to this does 
not hold. 

For large spacing of cables the difference in the 
results calculated by using their term is not so large, 
since the spacing is large in comparison with the sheath 
radius. In close or practical spacing it is of considerable 
importance just which term is used, as there are cables 
in use with 2 sq. in. of copper section and a corresponding 
large sheath radius. 
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HUTCHISON: INVESTIGATION OF 


DISCUSSION. 


Professor W. Cramp (communicated) : I am grateful 
to Mr. Hutchison for examining in a novel manner the 
expression log [(1—K)/K] as used in my papers on cable 
losses; for, besides theoretical interest, this question 
has a definite commercial importance. I think also 
that the approximations obtained by the substitution 
of 8 wires for the sheath are ingenious and may be 
useful for teaching purposes. It is clear that the first 
term of Prof. Dwight’s expression should give the same 
quantity as my first formula, if in the latter log (1/K) 
were substituted for log [(l—K)/K). This Mr. Hutchison 
proves, so that up to this point we are all on common 
ground. We also agree that the presence of the con- 
ducting sheath around B will modify in some way the 
alternating magnetic flux between the cables, but we 
differ as to the effect and calculation of this modifica- 
tion. Prof. Dwight and Mr. Hutchison, treating the 
cables as bonded, have arrived at an expression for the 
total loss. Reference to the first of my papers quoted 
by Mr. Hutchison will show that I divided the losses 
into two groups, viz.—(A) “ sheath eddies,” and (B) 
" sheath circuit eddies.” The former were again 
divided into two groups, viz.—A(1) eddies due to the 
total circumferential field, and A(2) eddies due to the 
radial field. These two were calculated on the assump- 
tion that the cables were not bonded. I then calculated 


(B) “on the assumption that single-core cables are 


again used, but that they are now spaced apart and 
have a heavy metal connection at both ends." * More- 
over, I derived the loss from an expression for the 
e.m.f. between the sheaths. My reasons for adopting 
these conditions were two, viz. (a) sheath eddies exist 
whether the cables are bonded or not, and (b) sheath 
circuit eddies account for practically all the loss if the 
cables are spaced well apart. When the cables are not 
only close together but are also bonded, it is clear 
that eddies A(2) will be more important and of a dif- 
ferent character. They will flow up the outer arc of 
one sheath and return down the outer arc of the other. 
Thus they become merged in the sheath circuit loss, 
and they will increase very much if the bond has a 
low resistance. Let me try to make this point more 
clear by reference to Fig. A, which is an extension of 
Mr. Hutchison's Fig. 2, case III. Let a, b, c, d represent 
four wires on the sheath circles of two cables lying near 
to one another and unbonded. Let the current be 
increasing and positive, or away from the observer, 
in cable I, returning as negative towards the observer 
by cable II. 

Then the field will be as shown and may be con- 
sidered in three parts :— 


(1) The resultant field between a and b, producing 
e.m.f's. — ina, + in b 
(2) The resultant field between b and c, producing 
e.m.f's. — in b, + inc 
(3) The resultant field between c and d, producing 
e.m.f's; — inc, + ind 


The first and third will each produce a sheath eddy. 
The second will be the e.m.f. between the sheaths as 


* Journal I.E.E., 1923, vol. 61, p. 481. 


-of which these conclusions may be checked. 


given on page 481 of the Journal cited. If the cables 
be brought nearer to one another until b and c almost 
coincide, e.m.f. No. (2) becomes almost zero. b and c 
are then on a line of symmetry of the field and log 
[(1 —K)/K] becomes zero. b and c will, however, still 
carry their respective sheath eddies. The e.m.f. as 
measured between the two cablesheaths will thus be pro 
portional to log [(1~K)/K] very nearly. Now let the cable 
be bonded. Then the current in one outer wire can return 
by the other. The resistance of the local circuit is reduced 
and its e.m.f. increased, and if the two inner wires be 
nearly coincident there will be no current along them. 
For the e.m.f. in b and c produced by the field between 
them is in opposition to the sheath eddy due to the 
field between each inner wire and its outer wire. As 
the cables move further apart the former increases, and 


Fic. A 


the latter decreases, until in the limit there is no sheath 
eddy. a and b are then in parallel, and so are c and d. 
When the cables are bonded and close together, the 
sheath eddy flows along the outer arcs of the sheaths. 
As they are separated, the current distributes itself 
and increases more and more along the inner arcs. 
The problem becomes more complex as the number of 
pairs of wires increases. This transference and increase 
of the sheath eddy loss is roughly included in the 
difference between log (1/K) and log [(1—.K)/K]. We 
shall expect, therefore, that the former will give the 
better approximation to the total loss when the bonded 
cables lie close together, since the sheath eddy effect 
must be added to the latter. We shall also expect that 
log ((1— X)/K] will always give the better value for the 
sheath circuit e.m.f., and that it will also give the loss 
when the cables are separated. Now in Mr. Dunsheath's 
recent paper * there is experimental evidence by means 
In the 
discussion on that paper I think I have shown that they 
are justified ; and I have pointed out how log (l/K) 
gives too high a loss when the cables are spaced well 
apart. I ought to add that in my first paper I did 
not realize how large a change took place in the sheath 
eddy due to the bond, or I should have called atten- 
tion thereto. I said that any increase of the sheath 


* Journal I.E.E., 1927, vol. 65, p. 4*9. 
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eddy would be largely checked by the reaction of the 
increase upon the inducing field. Mr. Dunsheath's 
experiments show that the resistance of the sheath 
circuit is too high to allow the reaction to be appreciable, 
so that this increased sheath eddy loss is important 
when the cables lie close together. I have given the 
correction in the discussion on his paper. 

I should next like to refer to Mr. Hutchison's Fig. 3, 
because I think that in this contrast he has inadvertently 
given a wrong impression. It is hardly reasonable to 
use an approximate expression which assumed a constant 
and high resistance, for the calculation of effects arising 
as that resistance is reduced to zero, especially when 
I had long before given a more accurate formula which 
could have been used. The equation is to be found on 
page 379 of vol. 63 of the Journal. The loss curve 
derived therefrom is of the same shape as the dotted 
line C in Mr. Hutchison's Fig. 3, having a peak at 
almost the same percentage, but of greater maximum 


value. If g is the fraction of normal sheath resistance, . 


y the ratio of sheath loss to conductor loss, the equation, 
using log (1/K), is 


B 1654q 
Y = 0-6474 + 44-63 


This, when differentiated and equated to zero, gives 
ya maximum when g = 12 per cent. Mr. Hutchison’s 
maximum appears to occur at g = 15 per cent. 

Finally, it may be asked whether conclusion No. 7 
on page 483 of vol. 61 of the Journal needs modification 
when the cables lie close together. This question is 
important, as that conclusion was intended to be a 
practical guide. The answer is that the case for extra- 
high-tension single-core cables remains unchanged, but 
there is a change as regards low-tension cables. 
Thus it becomes unwise to use low-tension single- 
core lead-covered cables the nominal core area of which 
exceeds 0:7 sq. in. The following table shows the new 
and the old safe distances :— 


Safe distance, centre to centre, single phase 


Nominal core a ea 


s Old value New value 
sq. in. in. in. 
0-6 2-2 1:5 
0-5 2.3 1-7 
0:4 2-6 2 
0:3 3:1 3 
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PROCEEDINGS OF THE INSTITUTION. 


PROCEEDINGS OF THE INSTITUTION. 


60TH MEETING OF THE WIRELESS SECTION, 2 MARCH, 1927. 


Prof. C. L. Fortescue, O.B.E., Chairman of the 
Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 2nd February, 1927, were taken as read 
and were confirmed and signed. 


A paper by Mr. T. L. Eckersley, entitled '' Short- 
wave Wireless Telegraphy " (see page 600), was read and 
discussed. On the motion of the Chairman a vote of 
thanks to the author was carried with acclamation, and 
the meeting terminated at 7.55 p.m. 


755TH ORDINARY MEETING, 3 MARCH, 1927. 


Dr. W. H. Eccles, F.R.S., President, took the 
chair at 6 p.m. 


The minutes of the Ordinary Meeting held on the 
17th February, 1927, were taken as read and were 
confirmed and signed. 


A list of candidates for election and transfer, approved 
by the Council for ballot, was taken as read and was 
ordered to be suspended in the Hall. 


A list of donations to the Benevolent Fund (see 


page 383) was taken as read and the thanks of the 
meeting were accorded to the donors. 

A paper by Mr. J. W. T. Walsh, M.A., M.Sc., Associate 
Member, entitled ‘‘ Illuminating Engineering " (see 
page 733), and a paper by Lieut.-Commander Haydn T. 
Harrison, R.N.V.R., Member, entitled ‘‘ The Problems 
of Public Lighting by Electricity '" (see page 752), were 
read and discussed. 

On the motion of the President a vote of thanks 
to the authors was carried with acclamation, and the 
meeting terminated at 7.55 p.m. 


756TH ORDINARY MEETING, 17 MARCH, 1927. 


Colonel T. F. Purves, O.B.E., Vice-President, took 
the chair at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
3rd March, 1927, were taken as read and were confirmed 
and signed. 

Messrs. W. J. Bailey and W. J. Minton were appointed 
scrutineers of the ballot for the election and transfer of 
members, and, at the end of the meeting, the result of 
the ballot was declared as follows :— 


ELECTIONS. 


Members. 


McLean, James George. Smith, Harold Babbitt. 


Associate Members. 
Adams, Geoffrey Colling- 
ton, Lieut.-Cmdr., R.N. 
Ashton, Henry. 
Fairbairn, John Cook. 


Macey, Leslie Lancelot. 

Mountain, George Alexan- 
der, B.Sc.(Eng.). 

Mountbatten, The Rt.Hon. 


Hardy, William Cornelius Lord Louis, K.C.V.O., 
G. R.N. 
Higgins, Charles Harold. Peebles, Arthur Charles- 
Hughes, Richard Leslie, worth, O.B.E. 
B.Sc. 


Graduates. 


Lund, Granville. 

Sampson, Gerard William. 

Sims, Lionel George A., 
M.Sc. 

Smith, John Alexander. 

Taylor, Cecil Robert F. 


Clark, George. 

Deane, Edgar Wooding. 
Dick, Moncrieff Steven. 
Fortnam, George William. 
Gray, Alfred. 

Limaye, Narayan Datta- 


traya. Wilkinson, Charles Dean. 
Lloyd-Williams, Hugh, 
B.Sc. 
Students. 


Adams, Henry Frederick T. 
Agarwal, Mogh Raj. 
Allen, Vero Walter R. 


Bethell, Philip Henry. 
Bradshaw, John WilliamL. 
Brighty, Arthur William S. 


Andrews, Frederick Os-  Bruton, John Frederick. 
wald. Burston, Ronald Frank. 
Anscombe, Leonard Doug- Butcher, Derek St. Aubyn. 
las. Cawley, William Miller S. 
Arthur, Arthur John. Charman, Frederick Jokn 

Atkinson, Frank. H 


Child, William Arthur. 
Cole, Cyril. 

Collier, Albert Jarvis. 
Cooke, Ralph. 


Bayliss, John Huntley. 
Bayton, John Haggitt. 
Beale, Arthur Stanlev. 
Beer, Alfred Edward. 


PROCEEDINGS OF THE INSTITUTION 
a a a a qe ho Ea a ae ————— À 


Graduate to Associate Member. 


Students—continued. 


Dean, Edward Timothy, 
B.Sc. 

Deodhar, Anand Vishnu. 

Dick, Thomas Pattinson, 
B.Sc. 

Drakeford, Louis Samuel F. 

Fielding, Alfred Leslie. 

France-Hayhurst, Basil 
Walter. 

Garty, John. 

Gibson, John Howell. 

Graham, John Hector. 

Greaves, Herbert. 

Green, William. 

Gupta, Surendra Chandra. 

Harknett, Stewart George. 

Harvey, Christopher 
William. 

Hitchcock, Joseph Francis. 

Houston, Robert Neilson. 

James, John Cecil, B.A. 

Jones, Philip Henry I. 

Joseph, John Alfred S. D. 

Keenlyside, Robert. 

Legg, John. 

Malkani, Taro Murijmal. 

Marchant, Eric Walford. 

Mathur, Lakshmi Narain. 

Mead,Frederick Cecil,B.Sc. 

Morris-Goodall, Mortimer 
Herbert. 

Moss, Eric George. 

Napier, Carill Stanley. 

Nodder, John Reginald. 


O’Brien, Horace Albert. 

Osborn, Richard Arthur E. 

Parker, William Herbert H. 

Patel, Pramodchandra 
Maneklal. 

Patrick, Reginald Clifford. 

Peters, Frank Martin. 

Peters, George Everett. 

Prestidge, Arthur. 

Prince-Stevenson, Wilfrid 
Ambrose. 

Saunders, Norman Frank 
Ta BSG; 

Shearer, Robert Edgar P. 

Smith-Barker, Arthur. 

Speedy,Gordon Maxwell E. 

Squire, Adrian Morgan. 

Stanesby, Harold. 

Summers, Frank. 

Sumner, Eric Lawton. 

Tavaniotis, Constantine. 

Terry, John. 

Thompson, William Stan- 
ley. 

Timmens, Cyril. 

Twells, Walter Edward. 

Utamsingh, Tirith Kun- 
danmal. 

Watson, James Arthur. 

Watts, Joseph John. 

Whittle, William James. 

Williamson, Harry Cyril. 

Wilson, James Arthur. 

Wood, Joseph Henry. 


TRANSFERS. 


Associate Member to Member. 


Brown, William. 


Christianson, Theodore 


MacLean, Archibald Barr, 
M.A., B.Sc. 


Beard, James Reginald, 
B.Sc. 
Cohen, Isaac Judah, 


B.Sc.(Eng.). 
Harrison, Reginald Henry. 
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Pound-Corner, Harold Sin- 
clair, M.A. 

Turner, Wilfrid. 

Ward, John Wilfred, 
B.Sc.(Eng.). 


Student to Associate Member. 


Baldwin, Lewis Leon. 

Brakenridge, William 
Donald. 

Chenevix-Trench, Lionel 
Geoffrey. 

Collinson, Percival Leigh, 
B.Sc.(Eng.). 

Egerton, Frank Pownall. 

Hunter, James Ambrose, 
B.Sc. 


Kim, George Callum. 

Minvalla, Gerald Elphin- 
stone. 

Mortimer, Robert Charles, 
B.Sc.(Eng.). 

Oldham, Thomas John F., 
B.Sc.(Eng.). 

Rainford, Herbert. 

Roberts, Edward James. 

Robinson, Reginald. 


Steele, Robert Mansel. 
Student to Graduate. 


Beebee, Arthur Thomas. 
Brown, William. 
Cave, Percival William, 
B.Sc. 
Cooper, Edward Cecil. 
Coveney,Alexander Joseph. 
Cross, William Gordon. 
Davis, Donald Henry. 
Denne, Frank Ernest. 
Dickinson, John Clegg. 
Elford, Arthur Horatio 
S. 
Fearnley, Ronald Arthur. 
Gerrard, Dudley Carlton. 
Gibbs, William Ewart. 
Gibson, Robert Thomas. 
Hedley, William Ernest. 
Hewett, Theodore Leonard. 
Hurle, Robert Hampton. 


Jennings, Joseph Keith, 
M.Sc.Tech. 

Lisle, Patrick St. John. 

McCammond, Arthur Nor- 
man W. 

Maloney, Stanley John. 

Martin, Reginald Ian. 

Mead, Edward Michael K., 
B.A. 

Orme, John Leonard. 

Pillai, Kannusamy Thiaga- 
raja, B.A. 

Shepherd, Cyril. 

Thomas, Harold Leslie, 
B.Sc.(Eng.). 

Thomas, Thomas Baden. 

Thornton, Cecil Anderson 
M., B.A. 

Widger, Leslie. 


Prof. W. M. Thornton, O.B.E., D.Sc., then delivered 


Morgan, George. 

Redclift, Stanley Whitlock. 
Hall, Percy Burnett. Sharpley, Alfred John. 
Hollands, Edwin Frank. Stone, Henry Charles. 
Taylor, Henry William. 


Christian. 
Coates, Frank. 


the Third Faraday Lecture entitled ‘‘ What is Elec- 
tricity ? ” (see page 674). On the motion of Mr. W. M. 
Mordey, seconded by Mr. Roger T. Smith, a vote of 
thanks to the lecturer was carried with acclamation, 
and the meeting terminated at 7.35 p.m. 


757TH ORDINARY MEETING, 31 MARCH, 1927. 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 


The minutes of the Ordinary Meeting held on the 
17th March, 1927, were taken as read and were con- 
firned and signed. 


A list of candidates for election and transfer, approved 
by the Council for ballot, was taken as read and was 
ordered to be suspended in the Hall. 


A list of donations to the Benevolent Fund (see 
page 465) was taken as read and the thanks of the 
meeting were accorded to the donors. 

A paper by Mr. W. McClelland, C.B., O.B.E., Member, 
entitled '' The Applications of Electricity in Warships ” 
(see page 829), was read and discussed. 

On the motion of the President a vote of thanks to 
the author was carried with acclamation, and the 
meeting terminated at 7.45 p.m. 
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INSTITUTION NOTES. 


INSTITUTION NOTES. 


List of Members. 


A new List of Members, corrected to the Ist September, 
1927, is in preparation and will be published during 
October. Any member wishing to receive a copy should 
apply to the Secretary. 


Lectures on “ Heat Transfer in Reciprocating 
Engines.” 


The University of London have arranged for a course 
of four lectures to be given by Dr. Adolf Nagel, Professor 
of Engineering in the Technische Hochschule, Dresden, 
on the subject of ''Heat Transfer in Reciprocating 
Engines, including Internal Combustion Engines.” The 
lectures will be delivered at the Institution of Civil 
Engineers, Great George Street, Westminster, S.W., on 
October llth, 14th, 18th and 21st, at 5-30 p.m., and 
admission will be free, without ticket. 


The Benevolent Fund. 


The following is a list of the Donations and Annual 
Subscriptions received during the period 26 July- 
25 August, 1927 :— 


£ 

Allward, M. J. (London) 

Atkinson, F. (Burnley) 

Berry, J. E. (Manchester) 

Booth, F. (Lobitos, Peru) 

Brown, R. C. (Preston) 

Caldicott, R. A. H. (Sibsagar, Assam) 

Cook, W. W. (Rusper) . 

Couzens, H. W. (London) 

Evans, W. F. (Manchester) 

Fuller, W. P. (Liverpool) 

Gill, H. (London) ; 

Green, F. W. (Melbourne) se 

Grey, W. J. (Shanghai) si i cs ak 

Hall, J. C. (Croxley Green) 

Jeynes, M. (Malvern) . 

Jones, J. R. (Newport, Mon.) _ 

Kuperman, M. (Palestine) iis ous 

Lewtey, W. C. (Rangoon) vs soe T | 

Liverpool Centre, Golf Tournament .. 

Milne, L. (London) 5 

Rushton, A. (London).. 15 

Russell, J. (Calcutta) - = 10 

Shires, G. E. (Doncaster) - iu is 8 
5 
8 
5 
5 


[nd 


* 


foni 


to & 


bass pt 


* 


Stewart, A. C. (Glasgow) 
Thomson, G. G. (Hong-Kong) 
Towers, H. C. (Ajmer, India) .. 
Williams, E. (London) 


* Annual Subscriptions. 


* 
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Accessions to the Reference Library. 
ANDRADE, E. N. DA C. The structure of the atom. 


3rd ed. 8vo. 768 pp. London, 1927 
ARNOLD, A. The modern electrical engineer. 4 vol. 
la. 8vo. London, [1921] 


ASSOCIATION OF SuPERVISING ELECTRICAL ENGINEERS. 
The employees' guide to the ninth edition of the 
I.E.E. “ Regulations for the electrical equipment 
of buildings." sm. 8vo. 7l pp. London, 1927 

BANNEITZ, F., editor. 'Taschenbuch der drahtlosen 
Telegraphie und Telephonie. 

sm. 8vo. 1207 pp. Berlin, 1927 

BARNARD, W. N., ELLENWOOD, F. O., and HIRSHFELD, 
C. F. Elements of heat-power engineering, pt. 1, 
Thermodynamics and prime movers. 3rd ed, 
completely rewritten by F. O. E. and W. N. B. 

8vo. 505 pp. New York, 1926 

Barrows, W. E. Light, photometry and illuminating 
engineering. Embodying a thorough revision of 
“ Light, photometry and illumination." 

i 8vo. 242 pp. New York, 1925 

BENNETT, E., and CroTHERS, H. M. Introductory 
electrodynamics for engineers. 

8vo. 674 pp. New York, 1926 

BENSON, T. W. Selenium cells. The construction, care 
and use of selenium cells with special reference to 
the Fritts cell. sm. 8vo. 63 pp. New York, 1919 


BnicHT, Sir C., F.R.S.E. Electrification and the Elec- 
tricity Act. (Extr. from Quarterly Review, no. 491, 
Jan., 1927.) 8vo. 16 pp. London, 1927 

BRITISH ELECTRICAL AND ALLIED MANUFACTURERS 
ASSOCIATION (INc.). Monograph on the electrical 
industry. Addressed to Committee “‘B’’ of the 
Preparatory Committee for the International Econ- 
omic Conference of the League of Nations. February, 
1927. 4to. 55 pp. London, [1927] 

Brown, O. F. The elements of radio-communication. 
With a foreword by Sir H. B. Jackson, G.C.B. 

8vo. 223 pp. London, 1927 

BRÜckKkMAN, H. W. L. Elektrizitátszáhler und Wandler 

deren Theorie, Beschreibung und Eichung. 2e Aul. 
8vo. 419 pp. Leipzig, 1926 

CLAvTON, A. E., D.Sc., and SHELLEY, H. J. Elementary 

electrical engineering. 
sm. 8vo. 419 pp. London, 1927 

Copp, M. A., Electric wiring diagrams for motor 
vehicles. 3rd ed. la. 8vo. 245 pp. London, 1927 

Compton, A. H., Ph.D. X-raysandelectrons. An outline 
of recent X-ray theory. 8vo. 418pp. London, 1927 

CREAGER, W. P., Justin, J. D., and nine contributors. 

. Hydro-electric handbook. By W. P. C., J. D. Justin 
and nine contributors. 
8vo. 


921 pp. New York, 192% 
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Cross, H. H. U. Modern ignition simply explained. 
sm. 8vo. 144 pp. London, 1927 
DarcLEISH, I. S. The lightning graphs. Series I. 
(General) For the instant solution of unknown 
variables in [certain equations] and also giving 
hyperbolic logarithms and reciprocals. 
obl. 8vo. 32 pp. London, 1926 
Darron, J. C. The Electricity (Supply) Act, 1926. 
Annotated and explained with an introduction. 
(Being a supplement to '' Will's Electric lighting," 
5th ed.) 8vo. 169 pp. London, 1927 
DupcEon, E. C. Growing crops & plants by electricity. 
8vo. 44pp. London, m.d. 
DunoyeErR, L. Vacuum practice. Translated by J. H. 
Smith. 8vo. 238 pp. London, 1926 
ELECTRICAL CONTRACTORS’ ASSOCIATION (INCORP.). 
Abridged wiring regulations ; being extracts selected 
by the E.C.A. from the ninth edition of the I.E.E. 
“ Regulations for the electrical equipment of build- 
ings" together with explanatory notes by the 
Association. sm. 8vo. 72 pp. London, 1927 
FLEMING, J. A., M.A., D.Sc., F.R.S. The propagation 
of electric currents in telephone and telegraph con- 
ductors. 4th ed. 8vo. 437 pp. London, 1927 
GARRARD, C. C., Ph.D. Electric switch and controlling 
gear. A handbook on the design, manufacture and 
use of switchgear and switchboards in central 
stations, factories and mines. 3rd ed. 
8vo. 797 pp. London, 1927 
GEBHARDT, G. F. Steam power plant engineering. 
6th ed. 8vo. 1041 pp. New York, 1925 
GoopMAN, J. Mechanics applied to engineering. 2 vol. 
[vol. 1, 9th ed.] 8vo. London, 1926-27 
Goorp, J., BENHAM, C. E., KERR, R., and WILBERFORCE, 
L. R. Harmonic vibrations and vibration figures. 
Ed. by H. C. Newton. 
sm. 8vo. 215 pp. London, n.d. 
GROSSMITH, G. W. Electric telpherage. (The Associa- 
tion of Engineering and Shipbuilding Draughtsmen, 
Session 1926-27.) 8vo. 53 pp. Perth, [1927] 
Harms, G. Die Stromversorgung von Fernmelde- 
Anlagen. 8vo. 143 pp. Berlin, 1927 
HERBERT, T. E. Telephony. An elementary exposition 
of the telephone system of the British Post Office. 
8vo. 883 pp. London, 1923 
Hitt, E. P. Rotary converters. Their principles, con- 
struction and operation. 
8vo. 342 pp. London, 1927 
Horst, C. P. The balancing of multiple-crank steam- 
engines. 8vo. 107 pp. Le:den, 1926 
The connecting rod and crank mechanism and its 
inertia forces. 8vo. 90 pp. Leiden, 1924 
—— — The geometry of the screw-propeller. 


8vo. 7l pp. Leiden, 1924 
— The rectification of circular arcs. 
8vo. 25 pp. Leiden, 1924 
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A CONTRIBUTION TO THE STUDY OF THE NUMBER OF TESTS 
REQUIRED TO ESTABLISH THE RUPTURING CAPACITY OF AN 


OIL CIRCUIT-BREAKER. 


By E. B. WEDMoRE, Member, W. B. WHITNEY, B.Sc. (Eng.), and C. E. R. Bruce, M.A., B.Sc. 


[REPORT (REF. G/T28) RECEIVED 3RD MARCH, 1927, FROM THE BRITISH ELECTRICAL AND 
ALLIED INDUSTRIES RESEARCH ASSOCIATION. ] 


SUMMARY. 


The paper is based on an investigation of the degree of 
variation of results obtained in repeat tests in the simplest 
case of a single-break circuit breaker and fixed conditions of 
supply. 

It is shown that the difficulty of rating a circuit breaker 
is closely analogous to the difficulty a student would have 
if asked to determine the tensile strength of a specimen on 
a testing machine in which a concealed fulcrum of the lever 
system was moving in an unknown manner and varying 
the leverage over a range of the order of, say, 1 to 50. 

Curves are given, based on a large mass of data, showing 
the variations which occur in the individual maxima and the 
means of arc energy in groups of repeat tests, and startling 
conclusions are drawn as to the prohibitively large number 
of tests necessary to establish a rating with any reasonable 
degree of accuracy by the generally accepted commercial 
methods of testing. 

The investigation also throws light on the probable cause 
of some of the mysterious failures of circuit breakers that have 
been reported from time to time. 

On three-phase testing a slight reduction in the number of 
tests may be allowed, but this does not materially affect the 
general conclusion that the number necessary would be 
prohibitively large. 

A thorough investigation of all possible causes of variation, 
the development of formule and the determination of 
constants by test, appears to be the only way of solving the 
important and pressing problem of the rating of oil circuit- 
breakers. 
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(1) INTRODUCTION SHOWING THE BEARING ON 
THREE-PHASE WORK. 


What number of tests is required to establish the 
rating of an oil circuit-breaker ? The purpose of this 
paper is to examine the problem and state conclusions 
in language as free as possible from technicalities. 

“Repeat tests " will be frequently referred to. By 
these are meant tests in which the circuit conditions, 
speed of break, head of oil, etc., are approximately 
constant. But it is to be clearly understood that 
before each such test the contacts are cleaned up or 
renewed and the oil topped up or changed if necessary, 
so that the circuit breaker is in proper condition. 

The simplest case will first be dealt with, namely 
that of a single-break circuit breaker controlling the 
circuit between two poles of a machine. Since the ques- 
tion of the bearing of the single-phase results on the 
practical and more pressing problem of three-phase work 
will be in everyone's mind, the position in regard to this 
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will be stated at the outset. The authors naturally 
studied first the simple case of the single-break single- 
phase breaker, but investigation of the three-phase case 
is also in progress and sufficient work has been done 
to show the extreme complexity of the latter. They 
think, however, that it is safe to say that at least 
the same degree of reliability can be obtained on three- 
phase work by two-thirds the number of tests required 
on single-phase, but that it would probably be unsafe to 
take one-third the number as sufficient. They think 
one-third unsafe because, in the relatively small amount 
of test data available, the ratio of the limits of variation 
of the total energy liberated in the three phases is already 
greater than the corresponding ratio for the total energy 
in groups of three single-phase tests. Other considera- 
tions lead to a similar conclusion. It might be argued 
by some that the authors are too conservative in this, 
and that, since there are six breaks, one-sixth the number 
of tests is sufficient. Though they cannot agree with 
such a view they would point out that, even if it were 
accepted, it would not materially alter the main con- 
clusions of their paper. 


(2) ANALOGY TO ILLUSTRATE THE DIFFICULTY OF THE 
PROBLEM OF CHECKING THE RATING OF OIL 
CIRCUIT-BREAKERS. 


In checking the rating of an oil circuit-breaker, we 
are faced with a problem very similar to that which a 
student would have if told to find out whether a given 
test specimen would stand a given scale pan load on a 
certain testing machine of the following peculiar design. 
We will suppose that instead of the usual fixed fulcrum 
of its lever system, the machine had one which was 
moved backwards and forwards (say by a concealed 
cam or other device) in such a way that at one end of 
its travel the test specimen was subjected to, say, 
50 times the stress produced when the fulcrum was at 
the other end of its travel (and subjected to inter- 
mediate loads for intermediate fulcrum positions), the 
student not having any control or knowledge of the 
cam motion. It is obvious that as he does not know 
the position at which the fulcrum stops each time he 
makes a test, he does not know what leverage was 
applied to the specimen. Even if he had some means 
of measuring the stress (as, for instance, by the exten- 
sion of the specimen), he would not know whether any 
particular test was the worst that could happen, and 
so he dare not certify that the specimen will stand the 
scale-pan loading until he has made a sufficiently large 
number of repeat tests to be reasonably sure that he 
has encountered the worst conditions of leverage in at 
least one of them. 

This is almost exactly the problem with which we 
are faced in testing oil circuit-breakers, except that 
the wide range of variation in the stress-producing 
force takes place inside the breaker itself, although the 
generator excitation, circuit power factor and impe- 
dance are kept constant. An analysis of a large 
number of repeat tests on a given oil circuit-breaker 
under the above conditions shows that the energy 
liberated at a single break of a single-pole circuit 
breaker varied from about 1 to about 50 kW-seconds, 


and our experience indicates that the variation is as 
large on commercial breakers of about the same capa- 
city. Hence a large number of repeat tests is required 
before a rating can be checked even to within, say, 
50 per cent of its true value. 


(3) ANALYSIS OF DATA, WITH CONCLUSIONS DRAWN 
THEREFROM. 
(a) General. 


Having indicated (by means of the simple illustration 
of a testing machine with variable fulcrum) something 
of the magnitude and complexity of our problem, the 
authors will now proceed to a consideration of data on 
repeat tests which they have collected in their research 
work at Carville power station. They will show how 
these data can be arranged in distribution diagrams of 
various types and how study of these diagrams leads to 
certain interesting and startling conclusions. 


(b) Conditions under which the tests were made.* 


In their investigations the authors started with the 
simplest case, namely that of a short-circuit between 
two poles of a given a.c. generator of 5 000-kW three- 
phase capacity at a fixed open-circuit voltage of 5 500 
and with negligible external impedance and low power 
factor of about 0:1, the circuit breaker having a single 
break, opening at about 100 cm per second, with about 
10 cm head of oil, and with negligible magnetic blow-out. 


(c) Note on effect of uncontrolled asymmetry of short- 
circuit current transient, 

It must be made clear at the outset that a variable 
which is always present when a circuit breaker is on 
Short-circuit is the variation in asymmetry of the current 
transient, depending on the point in the open-circuit 
e.m.f. wave at which the short-circuit commences and 
on the consequent magnitude of the d.c. component 
present. 

since the R.M.S. value of a totally displaced current 
wave is nearly twice t that of one which oscillates 
symmetrically about the zero line, a variable range ot 
about 1 to 2 is at once introduced into the estimation 
of the applied kVA, but the authors' investigations 
show that the elimination of this external source of 
variation does not materially reduce the observed 
range of variation in energy released inside the circuit 
breaker, the relationship between the two being very 
complicated. The authors have found it simplest to 
base what follows on the actual case met with in 
practice, namely an uncontrolled asymmetry of current 
from a given machine of large capacity at a fixed ex- 
citation and with the other conditions as detailed 
above. 


(d) Reasons for selecting arc energy output as a quanti- 
tative criterion of efficiency for circuit breakers. 


Although the B.E.S.A. Specification uses the ability 
to continue carrying rated current after clearing 
maximum rated kVA £1 as the criterion of a satisfactory 


* See Appendix I for further details regarding conditions. 

¢ Actually the machine used for the tests gave a wholly asymmetrical wave 
which had 1°6 times the R.M.S. value of the totally symmetrical wave. 

t The circuit breaker shall interrupt its rated KVA breaking capacity twice 
at a ?-minute interval, and then shall be in a condition to be closed, and carry 
its rated current until it is practicable to inspect it and make necessary 
adjustments (B.S.S. No. 116—1923, Clause 52, at present in use). 
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rating of a circuit breaker, this criterion is of no use 
from the point of view of quantitative work. It affords 
no quantitative measure of the condition of the auxi- 
liary contacts (which are the ones involved in clearing 
the circuit), nor does it take account of the possible 
expulsion of smoke, oil or flame which may be sources 
of grave danger to operators in the vicinity. Since 
for their work a quantitative measure of efficiency is 
required, the authors have based their conclusions 
on a study of the magnitude * of the arc energy libe- 
rated between the contacts, which energy is the cause 
of gas production, explosion, pressure-rises, oil-throw- 
ing, etc., and may usually be considered amongst the 
main causes of destruction of switchgear. This arc 
energy can be definitely measured by means of oscillo- 
graphic records of the current through, and the voltage 
across, the arc. 


(e) Note on the test data on which the work in this 
paper is based. 

In the course of an extensive research on oil circuit- 

breakers carried out at Carville power station, the 
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(b) Smoothed distribution 
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main conclusions of the paper by increasing, rather 
than decreasing, the number of repeat tests that would 
have to be made if such a method were used for rating 
purposes. 

Further, it must be understood that all that follows 
is derived from a distribution with an upper limit of 
50 kW-seconds, but the authors may state here that 
they are satisfied that any modification either in the 
limits or form of the distribution which might result 
from additional tests (under the given conditions) 
would not alter the general argument or conclusions of 
this paper. 

(g) Information given by Fig. 1 as to the probable 
number of tests that would have to be made before 
a bad one is encountered. 

Let us now consider Fig. 1. One item of information, 
for instance, is that the chance of the occurrence of, 
say, 30 kW-seconds or over is 1 in 14, i.e. that on the 
average about 14 tests would have to be made before 
one occurred that gave 30 kW-seconds or over. This 
at once shows that one cannot hope to get any reliable 


(a) Distribution of thetests actually observed 


36 40 44 48 


Fic. 1.—Distribution of tests as regards energy. 


Note,—For curve (b) the central ordinate of any range of 2 kW-seconds measured on the vertical scale gives the percentage of the total 
number of tests the energy of which falls within that range. 


authors have obtained so much test data that they 
are able to select a long series of cases in which the 
conditions were as stated in (3) (D) above. They have, 
in fact, about 90 such separate results which form the 
basis of what follows and which have been utilized in 
constructing the distribution diagrams shown in Fig. 1, 
curve (a) being prepared from the observed results 
while (b) is a smooth curve drawn to facilitate subse- 
quent calculations, etc. 


(f) Note on the '' weight" that may be attached to the 
upper limit and to the shape of smooth curve used 
to represent the data. 

It will be noted in curve (b) of Fig. 1 that the authors 
have chosen a somewhat arbitrary maximum of 50 kW- 
seconds. Their justification for this is that their 
analysis of variables not dealt with in this paper shows 
clearly that the actual maximum of 44 kW-seconds 
recorded would be exceeded if more tests were made. 
Fifty is a convenient figure to work with, and if higher 
maxima were actually encountered as the result of 
more tests it would so much the more strengthen the 

* See Appendix II on '' Rate of output of arc energy.” 


information from two tests. It will further be seen that 
the chance of getting, say, 47 kW-seconds arc energy 
output or over is about 1 in 1000, or on the average 
about 1000 tests would have to be made before the 
worst cases would occur. 

Thus if a circuit breaker be rated at, say 10 000 kVA, 
and be on a circuit where 10 000 kVA is the maximum 
power available, then about 1 000 tests would have to 
be made before one could be reasonably sure that the 
circuit breaker had been subjected to within a few per 
cent of its worst strain and that approximately the 
worst arc energy output had occurred. 

If thecircuit breaker withstood the 1 000 tests without 
exceeding some given criterion of distress, then one 
could be reasonably satisfied to rate it at 10 000 kV A. 


(h) The number of tests required to make reasonably sure 
that the worst of a set exceeds a specified minimum 
arc energy output. 

The next question that arises is this :—In the com- 
mercial testing of heavy circuit breakers it is obviously 
impossible, for reasons of expense, safety of the machine, 
etc., to make 1 000 tests or even 50 or 100 on a given 
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breaker, and we therefore want to know how near the 
truth we could get if we only make, say, 5, 10 or 20 tests. 

In other words, if, say, 20 tests are carried out, is it 
not highly probable that the worst energy output 
would be reasonably close to the possible maximum ? 


formed, assuming that the limits and distribution are 
as in curve (b) of Fig. 1, it is found that for practical 
purposes * the maxima range from 6 to about 49 kW- 
seconds. The actual chance of getting either one of 
these extreme results can be derived from a study of 


Energy, in kW-seconds 


Fic. 2.—Distribution of the maximum individual energy liberation in groups of n tests 
(n having the value indicated against each curve). 


Thus the hatched area divided by the total area under curve 5 represents the chance that the maximum energy in 
a group of 5 tests has a value between 12 and 15 kW-seconds. 

Note,—For all curves the central ordinate of each range of 2 kW-seconds, measured by the vertical scale, gives tte 
chance as a percentage that the maximum energy in a group of n tests falls in that range. 
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Fic. 3.—Distribution of the mean energy liberation in 
I^ groups of n tests (n having the value indicated against 
each curve). 
40 Thus the hatched area divided by the total area under curve 5 nts 
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the chance that the mean energy in a group of 5 tests has a value between 
13 and 14 kW-seconds. 


Nole.—For all curves the zentral ordinate of each range of 2 kW-seconds, 
measured by the vertical scale, gives the chance as a percentage that the mean 
energy in a group of n tests falls in that range. 
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This is a problem in probability and is amenable to 
calculation based on the initial smoothed curve (b) of 
Fig. ]. 

The results of the authors' calculations are shown in 
the family of curves in Fig. 2. These show the way 
in which the distribution of maxima varies with the 
number of tests. Thus if groups of 5 tests are per- 


the appropriate curve (curve 5, Fig. 2). Thus if five 
tests are made, the worst that occurred may only have 


* Some arbitrary criterion of *' improbability " of occurrence has to be fixed 
and for practical purposes the authors have selected those values of the arc 
energy such that the chance of getting greater than the upper limit or less than 
the lower limit, as the case may be, is 1 in 1 000. Tables 1 (A and B) and 
2 (A and B) show the results of taking 1 in 1 000 and 1 in 100 as tbe criterios 
of the limit. A comparison of these results and of the curves indicates that 
no material alteration would be made in the figures if the chance were 
to 1 in 10 000. 
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been of one-eighth the violence of the worst that might | (j) The number of tests required to make reasonably sure 


have occurred. that the mean of the set exceeds a specified minimum 
Table 1(A) shows the way in which the range of value. 
variation of the maxima decreases as the number of Since it has been shown above that a consideration 


tests in a group is increased, but even when 50 tests | of the maximum of a group of tests does not afford 
are made the worst of the 50 to the same degree of | a satisfactory indication of the maximum possible, 


TABLE 1.* 


Maximum Energy (kW-seconds) in Groups of n Tests. 


A : B 
No. of tests 
in group Limits beyond which chance of occurrence Limits beyond which chance of occurrence 
of a maximum of # tests is 1 in 1 000 of a maximum of n tests is 1 in 100 
Ratio of limits s Ratio of limits 

n Lower limit Upper limit Lower limit Upper limit 
1 1l 47 47 2 39-5 19-7 
2 2 48 24 4 42-5 10.6 
3 4 48 12 6 43-5 7°2 
5 6 48.5 8-1 9-5 45 4:7 
10 11 49 4:5 15-5 46-5 3-0 
20 17 49 2:9 21-5 47°5 2-2 
50 25°5 49 1-9 28°5 48 1-7 
100 30-5 49-5 1-6 33 48-5 1-5 


* See footnote on page 916. 


certainty may only have been of about half the violence | the mean of the same group might be expected to yield 

that might have been experienced if more tests had been | closer limits between which this quantity must lie. 

made. Fig. 3 shows the way in which the means of groups of 
TABLE 2.* 


Mean Energy (kRW-seconds) in Groups of n Tests. 


A B 
No. of tests z 
aba Limits beyond which chance of occurrence Limits beyond which chance of occurrence 
of a mean of n tests is 1 in 1 000 of a mean of n tests is 1 in 100 
Ratio of limits Ratio of limits 
n Lower limit Upper limit Lower limit Upper limit 
1 47 47 2 42 21 
2 43 21:5 3 34 11:3 
3 2:5 35:5 14-2 4 30 7:5 
5 4:5 32 7:1 5:5 26 4:7 
10 6-5 26 4 7:5 22: b 3 
20 7:5 20 2:7 8.5 19 2:2 
50 9 18 2 10 17 1:7 
100 9-5 17:5 1:8 ll 16.5 1:5 


* See footnote on page 916, and Appendix III. 


In other words, with the testing plant arranged to | repeat tests vary, and Table 2(A) shows the limits of 
give, say, 20 000 kVA (maximum) on short-circuit, the | ranges of means of groups of different size. 
result of 50 tests can only have established a rupturing It will be seen on comparing Tables 1 and 2 that 
capacity of about 10 000 kVA at the same voltage. the ratio of the limits is roughly the same in both 
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cases, so that, considered alone in this way, the informa- 
tion regarding the distribution of the mean values does 
not materially reduce the limits of uncertainty. 

A word is necessary as to the method used in obtaining 
the curves given in Fig 3. Calculations * in connection 
with skew frequency distributions are at all times very 
laborious, and chances of error always present, and as 
we were desirous of showing the distributions of means 
for groups of seven diffcrent sizes (2, 3, 5, 10, 50 and 
100 tests) a mechanical method f of sampling was de- 
vised which enabled us to obtain the desired results in a 
relatively short time. 


(k) Study of the distribution of the maxima, means and 
minima of test results in groups of n tests. 

Some additional narrowing of the limits of the values 
obtained for the maximum energy of the range (i.e. 
50 kW-seconds in the conditions of test with which 
we are dealing) can be effected by considering in con- 
junction the curves in Figs. 2and 3. Such improvement 
is, however, small and does not affect the arguments. 

A consideration of the distribution of the minima and 
modes in conjunction with the maxima and means 
might also be made and might lead to some slight 
further reduction in the uncertainty. 


(/) General conclusions from the above. 


Put in a rough-and-ready way, the authors’ investi- 
gations indicate that if a single-phase single-break 
circuit breaker twice clears, without serious distress, a 
single-phase dead short-circuit on a supply capable of 
giving a maximum of, say, 10 000 kVA, all that can be 
assumed is that the circuit breaker is safe for operation 
on about 1/24th the kVA, or say 400 kVA.1 If it 
clears :— 


5 tests at 10 000 kVA it is safe for operation on about 
1/8th, or 1 200 kVA. 
10 tests at 10 000 kVA it is safe for operation on about 
1/5th, or 2 000 kVA. 
50 tests at 10 000 kVA it is safe for operation on about 
1/2, or 5 000 kVA. 


This striking result indicates that there is little hope 
of being able to check the rating of an oil circuit-breaker 
by the methods usually accepted in commercial testing, 
even on three-phase work, without doing a prohibi- 
tively expensive number of tests. Moreover, the 
necessary number of tests would have to be greatly 
increased unless the arc energy output that will just 
cause a given criterion of distress is accurately found 
by some other means. Such means must allow of the 
stress-producing forces being rigidly controlled and 
increased little by little in suitably graded steps, but 
this is a problem still awaiting solution. The two 
` tests specified by the B.E.S.A. Specification are thus 
seen to be totally inadequate. 

These results are quite contrary to commonly accepted 
opinion and have only been possible owing to the large 
number of tests available. 


* For the calculation of the distribution of the means of samples see CHURCH, 
Biometrika, 1926, vol. 18, p. 335, and references given therein, 

t See Appendix Il. 

i The applicd voltage and the power factor being the same in all cases, the 
contacts assumed cleaned up or renewed and the oil changed when required ; 
and assuming also that the curves of distribution of the test-results at the 
different values of KVA as regards energy are of the same form and have their 
maximum and minimum values directly proportional to the applied kVA. 
This has not been established. 
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(4) FURTHER DIFFICULTIES EXPERIENCED IN DETER- 
MINATION OF THE RATING OF New DESIGNS. 


In their illustration of a testing machine with variable 
fulcrum, and in all their considerations up to this 
stage, the authors have only dealt with the difficulties 
of checking a rating, but the difficulties multiply when 
a manufacturer is faced with the problem of determining 
the rating of a new design of breaker. 

There are, at least, two distinct problems involved in 
this, namely :— 


(i) The problem of what arc energy output and rate 
of output a given breaker will stand between tts 
contacts. 

(ii) The problem of determining the kVA and other 
external conditions which, when associated with 
the operation of the circuit breaker, will never 
result in a greater energy output within the 
breaker than the safe limit determined under (1) 


The complexity of the problem arises from the fact 
that, in considering (i), no satisfactory method is at 
present available for releasing predetermined amounts of 
energy between a circuit breaker's contacts, so that the 
limiting stress cannot be rapidly reached by a short 
series of predetermined steps. In (ii) it arises because, 
as shown in (3) above, the arc energv output in a 
breaker for fixed conditions of external load varies over 
an enormous range and one cannot be sure that the 
worst conditions within a breaker (corresponding to a 
fixed external load condition) have been met, until a 
very large number of repeat tests have been made at 
the given setting. 

In practice the maximum energy the breaker will 
stand would have to be roughly determined during the 
progress of the hit-and-miss process mentioned in (11), 
as will be shown in greater detail hereunder. 

In the absence of any other aids, such as the 
B.E.A.I.R.A. is gradually securing, the manufacturer 
must start by making an intelligent guess at the rating 
before checking it by the process of repeat tests 
mentioned at the end of Section (2) of this paper. 

Let us suppose the guess to be 10 000 kVA. He sets 
his machine to give this amount. He then carries out 
50 tests which, we will suppose, the breaker successfullv 
passes, but he is then only sure to have developed halt 
the possible kW-seconds that might be generated in the 
circuit breaker under the given test conditions. 

If now he endeavours to subject the breaker to a 
more severe test and, say, sets the machine to give 
double the kVA, he may at the very next test get four 
times the above energy, which is quite likely to wreck 
the circuit breaker. He will probably, therefore, make 
a smaller step than this. It will be seen that a series 
of such small steps may have to be taken, each requiring 
50 tests, and even then, when the distress limit is 
reached, he cannot be sure that the energy released in 
the switch in any test has been appreciably more than 
half the possible maximum corresponding to the circuit 
conditions in the series of 50 tests in which the distress 
was observed. 

He may, of course, have overestimated and the 
breaker may show serious distress in the first 10 tests, 
in which case this may have been caused by only 
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about one-fifth the possible maximum energy, so that 
to be safe he must materially reduce the applied kVA 
and is thus involved in a long series of tests as before. 

Unfortunately, in the case of oil circuit-breakers we 
have not sufficient data to be certain that when the 
externally applied load, or kVA, is increased or reduced, 
the maximum release of energy possible inside the circuit 
breaker is increased or reduced proportionately, so that 
it might be necessary to carry out even longer series 
of tests to determine the shape and limits of the distribu- 
tion curves at various values of applied kVA. 


(5) GENERAL CONCLUSIONS. 


The authors have shown that the number of tests 
which would have to be made to check the rating of 
a breaker is very large, and that the number required to 
determine the rating of a new design is still larger. 

The only solution of the problem of determining the 
rating appears to be the systematic discovery and 
study of every variable entering into the production 
of arc energy, the discovery of the laws governing 
the magnitude of these variables and their interrela- 
tionship, and the crystallizing of this information into 
a general formula. Such a formula would contain con- 
stants, some of which would undoubtedly have to be 
determined by a few tests on each new type of breaker 
at a current in the neighbourhood of its current rating, 
but once these tests had been carried out it should 
be possible to determine by calculation the limits of 
variation in arc energy that would occur in a given 
breaker operating under given circuit conditions. 

The British Electrical and Allied Industries Research 
Association is the only body, so far as is known, which 
has really appreciated the importance of detailed 
examination of the problem. It has been engaged for 
several years on a careful analysis of variables with this 
end in view and is now within measurable reach of 
success so far as the range up to 20 000 kVA (single- 
phase) at 6 600 volts is concerned, but, in regard to 
certain causes of variation, research at higher ranges 
may be necessary before the safety of applying the 
formula to such higher ranges is established. 

In any case, a limited number of tests at about the 
current and voltage ratings of the circuit breaker will 
be necessary to determine constants in the formula, 
and heavy-current tests at low voltage may be necessary 
to determine the electromagnetic and other stress 
limits of the circuit breaker; all this will need special 
testing plant of large capacity. 

In conclusion the authors would point out that their 
observations regarding the probability of occurrence of 
high values of arc energv after a certain number of 
operations give strong grounds for belief that unex- 
plained failures of circuit breakers, which are reported 
from time to time in various countries, may not be 
due to mysterious over-voltages or other bogies, but 
may simply have been the result of the circuit breaker 
operating at the bad end of its energy distribution 
curve, the rupturing capacity having been overesti- 
mated owing to inadequate previous tests. 

Many false impressions as to the rupturing capacity 
of particular circuit breakers are now current, due to 
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the quite inadequate number of tests to which they 
have been subjected under given conditions, and 
inadequate records of the results obtained. 
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APPENDIX I. 


GENERAL CONDITIONS OF TEST. 


(1) Voltage (nominal) on 
generator voltmeter.. 
(2) Range of symmetry 


5 500 voits 


Totally symmetrical to 
totally asymmetrical 


40 cycles per second 

9 000 to 16 000 (approx.) 

0-1 (approx.) 

Central in large tank of 
oil, diameter 3 ft. 6 in. 


(3) Frequency . 
(4) kVA atseparation, range 
(5) Power factor 

(6) Position of break 


(7) Type of break .. .. Single 
(8) Least horizontal  dis- 
tance from break to 
return lead .. .. 33cm 
(9) Velocity of crossbar .. 100 cm per second 
(approx.) 
(10) Head of oil 22 .. About 10 cm with free 
surface * 
(11) Volume of oil in tank .. About 250 gallons 
(12) Kind of oil Wakefields ‘“ Super- 
forma ”’ 


(13) Type of contacts Tongue and finger 


APPENDIX II. 


NOTE ON RATE OF OUTPUT OF ARC ENERGY AS A 
FACTOR IN RATING. 


Rate of output of energy is also a factor that might 
have to be considered in any final analysis. It will be 
seen that, for example, 20 kW-seconds liberated between 
circuit-breaker contacts by a low-current arc of long 
duration might not produce as much of a “ bump” or 
as much distress as 20 kW-seconds produced by a 
heavy-current arc of short duration. 

This factor is, however, not one which materially 
affects consideration of the data, which have been 
obtained from tests in which the current did not vary 
by as much as + 25 per cent, and its effect, if any, 
would be for rather than against the necessity of a 
large number of repeat tests. It is, however, a factor 
which would have to be watched when reasoning about 
conditions at widely different currents or voltages, and 
here again it would support an argument for more tests. 


* The circuit breaker used in these tests had no cover. 
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APPENDIX III. 


NOTE ON METHOD OF DETERMINING THE DISTRIBUTION 
OF MEAN ARC ENERGY IN GROUP or n TESTS BY 
A ROTATING Disc. 


To calculate the distribution of the mean energy in 
groups of n tests (n having the values shown in Fig. 3), 


10 


e Values obtained using a 


e same origirial curve used 
In deriving curve (a) 


Percentage of groups of tests 


0 4 8 12 16 20 £24 


Spinning: disc graduated from . 
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spun rapidly, '' stabbed " with a sharp instrument, and 
the range corresponding to the ''stabbed " sector 
noted. Ten thousand such “ stabbings” or ''tests "' 
were performed, and the means calculated and distri- 
buted. 

The results were plotted, and are shown in the curves 
in Fig. 3. 

An indication of the accuracy of the above method 


40 44 48 


28 32 36 


Energy, in kW-seconds 


Fic. 4.—Diagram to illustrate the degree of accuracy obtained by using the spinning-disc 
method of determining the distribution of individual maxima in groups of tests. 


Curve (a) shows the distribution of maximum individual energy in groups of 10 tests calculated from distribution curve No. 1, Fig. 3. 


a circular disc of cardboard was divided into sectors 
proportional to the number of tests falling within each 
range of 1 kW-second of energy.* This disc was then 


. As read from the smooth distribution curve (No. 1, Fig. 3) similar to (b) 
of Fig. 1, which latter, however, represents the original test data slightly better. 
Though the authors’ work on the means of groups is thus based on an earlier 
and slightly difterent curve from that on which their work on the maxima is 
based, the limits are the same in each and they are satisfied that their general 
conclusions are not materially modified thereby. 


is obtained by comparing the distribution of the 
maxima of groups of, say, 10 tests (obtained from a 
smoothed distribution curve by direct calculation’ 
with that obtained from an examination of 10 6000 
“tests " obtained by using a disc graduated from the 
same curve. This comparison is shown in Fig. 4 and 
the agreement is seen to be good. 


DISCUSSION BEFORE THE INSTITUTION, 7 APRIL, 1927. 


Mr.G.W. Partridge: As I believe I was the original 
inventor of the oil switch some 35 years ago I am 
naturally very interested in this paper, particularly 
in the lantern slides and oscillograph curves. I am to 
a certain extent disappointed, as I thought that after 
this length of time, and having carried out so many 
tests, the authors would have been able to give some 
definite information as regards the improvement in 
design of oil switches. I have been closely connected 
with the Deptford power station ever since its inception ; 
and for about 15 years we have been giving h.t. single- 
phase supply for traction purposes, and during this 
time we have experienced literally thousands of short- 
circuits. On one day I remember we had over 50 
short-circuits practically across the busbars at power 
factors varying from 0-5 to 0-75, and in some cases 
lower. It is well known that the power factor of the 
circuit has a great deal to do with the rupturing of a 
circuit breaker; the lower the power factor the more 
difficult it is to rupture the current, as the voltage 
remains available and tends to start the current again 


after it has passed the zero point. The authors refer 
to ' "mysterious over-voltages or other bogies” as 
causing breakdown of circuit breakers, but they seem 
to think that these are not the real cause of the break- 
down. From the experience we have had we have 
encountered more trouble in dealing with comparatively 
small currents in which there has been a certain amount 
of inductance and capacity than with large currents 
supplying power, and I understand the Americans have 
experienced similar difficulties. About 16 years ago a 
new oil switch was installed in connection with our 
traction system. The normal current was about 3 
amperes, and at the same time there was a certain 
amount of inductance and capacity. The first time 
this switch was opened it exploded, destroving the 
surrounding concrete and the steel door. As the design 
of this switch was exactly the same as that of the other 
switches in the generating station which had been 
dealing with short-circuits for years, I concluded that 
when this particular switch was installed no oil had 
been put in it. The whole apparatus was reconstructed 
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with new concrete, new oil switch, and new steel doors, 
and the first time this switch was opened it blew up 
again and very nearly injured one of our men. As 
I was at a loss to understand what had happened I 
called upon the services of the late Mr. Duddell, who 
came down to the Deptford power station and carried 
out a great number of experiments. It was found that 
owing to the static character of the arc, due to the 
condenser effect, we were breaking the arc at or near the 
top of the current wave in about 0-002 sec., and got rises 
of five times the working pressure. The actual working 
pressure was 6 600 volts and the oscillograph showed 
rises up to 35000 volts. It is well known that the 
Opening of currents by oil switches or fuses is always 
attended with a certain amount of risk if the current 
is suppressed too suddenly and the energy stored in 
the self-induction .of the circuit is not dissipated. The 
rise in pressure broke down the insulation of the switch, 
and the main current did the rest. We then tried 
experiments with carbon contacts to encourage the arc 
to persist until it had reached the zero point. The 
best results were obtained with a carbon-clay compound 
which we introduced into the auxiliary circuits. With 
this auxiliary contact no rise of pressure took place. 
As regards the actual break of an oil switch, I think 
that, if the difficulty of manufacture could be overcome, 
a horizontal break would be more satisfactory than 
the vertical break ; this I have confirmed in experiments 
with h.t. fuses under oil. I think also it would be better 
to increase the number of breaks, because the length 
of arc and the arc energy would be reduced. The actual 
strength of the oil tank is a matter requiring very careful 
consideration. I believe that if the oil tank could be 
made strong enough and able to withstand the expansion 
of the oil there would be no need for a large quantity 
of oil in switches, which is a danger. I experimented 
with fuses about 1 in. long under oil in a steel box 
surrounded with 6 in. of concrete, and these fuses, of 
the same length as ordinarily used for 100 volts, were 
short-circuited across a 10000-volt generator and 
broke the circuit two or three times satisfactorily. 
This experiment went to show that if the oil is properly 
confined in the tank it will eventually damp out the 
arc. The chief difficulties to contend with in oil switches 
are the possible rises in pressure to which I have referred, 
and the chemical separation of the oil, a certain amount 
of which becomes carbonized and another turns into 
an inflammable gas which, when it meets the air, causes 
an explosion. This gas is very often mixed with copper 
vapour which short-circuits all live metal anywhere 
near the switch. To overcome this difficulty all con- 
ductors near an oil switch should be suitably insulated. 
Another trouble which may occur in an oil switch is 
that, although the switch may open a short-circuit 
satisfactorily, it has been unable to withstand being 
switched back on to a short-circuit. These conditions 
seem to put a greater strain on the switch than when 
it opens a short-circuit under crdinary circumstances. 
As the capacity of our generating stations increases 
from year to year, it seems to me that the cost and 
size of the oil switch will have to be increased, unless 
one can have some quick-acting apparatus, which in 
the event of a sustained short-circuit taking place would 
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reduce the pressure of the whole of the generating 
station to some predetermined limits. If that were 
practicable I think it would be possible to reduce the 
cost of switchgear and the enormous strain which is 


‘put upon the generating plant when these short-circuits 


take place. Subdivision of the system by suitable 
reactances is in any case essential. 

Mr. H. W. Clothier: I enter on this discussion with 
diffidence, because I have to view the paper from two 
sides: in the first place as one having representation 
on the Research Committee, which gives me an amount 
of inside information; and in the second place as a 
manufacturer with an amount of practical experience, 
which I feel is of greater value, as the matter now 
stands, in determining the breaking capacity of a circuit 
breaker. From both points of view I can appreciate 
the great care and patience that have been expended 
by the investigators in their endeavour to solve problems 
that have puzzled users and manufacturers the world 
over. My general impression is that the paper does 
show that the extent of the variations met with in 
handling these problems is greater than most people 
would have been disposed to admit. To this extent 
the paper may be considered to be a revelation ; but 
from the outside point of view I feel that it is dis- 
appointing. It does not take the electrical industry 
into the confidence of the Research Association. There 
have been so many rumours about a revolution in 
circuit-breaker design that users are rightly expectant 
of some signs of its maturing. The authors state that 
only 1 in 14 tests gave an arc energy of 30 kW-seconds 
or over, which is only two-thirds of the maximum arc 
energy. Further, I think I am right in interpreting 
the curve shown in Fig. 1 as meaning that ] test in 50 
shows 44 kW-seconds, which is nearly the maximum ; 
and in 1 in 1000 the authors got 47 kW-seconds or 
over, which is the maximum. The authors enter into 
a sort of game of chance, and it appears that 50 tests 
are required to enable one to be reasonably sure of 
getting half of the maximum arc energy that may be 
expected. They do not tell us enough, I think, in 
explanation of these variables. The place at which the 
circuit breaker opens on the wavein the maximum-energy 
record shows clearly the effect of the time function. It 
would seem that before the arc is extinguished at 
or near to the zero point of the current wave there 
must be sufficient time to allow the current to get into 
phase with the voltage. This is an example of the effect 
of the power factor. Then there is the “doubling ” 
effect, that is, the effect of happening to hit on an 
asymmetrical wave; but these are not sufficient to 
account for the large differences indicated in the paper, 
and I should like the authors to give more information. 
For instance, what part is the oil playing? It is well 
known that the electric strength of oil varies consider- 
ably, and one has to take a large number of tests of the 
same oil, particularly if it is exposed, as this experimental 
switch is exposed, with an open top, and on the North- 
East Coast, where there is sometimes a very bad 
atmosphere. The authors' tests have been made on 
apparatus of altogether abnormal construction; a 
laboratory instrument well chosen for the purpose of 
getting at the fundamentals. But we must not jump to 
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the conclusion that they have lamentably exposed the 
manufacturers’ commercial designs of oil-immersed circuit 
breakers. It does frequently happen in research work 
on apparatus controlled by many variables that one 
strikes a zone of instability, which may not be so marked 
under other, perhaps more practical, conditions of work- 
ing. Let us consider in what wavs this experimental 
switch is different. It is a single-break switch, whereas 
most commercial switches have two breaks. Again, 
the experimental switch has an open top, whereas 
commercial switches are closed in, and the wise switch- 
maker encloses them in a very strong mechanical con- 
struction capable of resisting any gas explosions that 
may occur. Then, again, in the authors’ switch the 
arc 1s in the centre of a great oil bath, whereas a com- 
mercial switch enclosure is of comparatively small 
volume, which has a stabilizing effect upon the arc. 
Most of the failures of circuit breakers are due to 
the bursting of tanks or top-plates. The test switch 
provides no equivalent, and the paper gives no par- 
ticulars of the static pressuresustained. This, I believe, 
is the most important factor in switch design. In the 
absence of available plant and stability, it is reasonable 
practice to test by an explosion of dynamite, gunpowder 
or rippite in the tank enclosure. If it is impracticable 
to have the right number of tests before we get the worst 
result, we want to know, as a result of these experiments, 
what are the maximum arc energies corresponding 
to certain kVA breaking capacities, and how these 

energies are related to pounds per square inch pressure, 
or impact within the switch tank. Some switchgear 
designers have set much store upon easements, tanks 
that yield to relieve the static pressure, explosion pots 
to reduce the arc energy, and so on. For my part I 
prefer the strong tank and top-plate enclosure. The 
easement may give out, as the explosion pots did in 
recent tests in America, and if that happens the weak 
tank must burst. Arrangements might be made that 
would have the beneficial effect of increasing the chance 
of an early break of the arc while the current is passing 
through zero, but there is always a chance that it will 
be prolonged past the first zero, and therefore the circuit 
breaker must be strong enough to withstand the worst 
condition, regardless of the easement securable in the 
luckv shots. Can the authors say, from a comparative 
examination of ordinary commercial circuit breakers, 
what is the reduction or increase in arc energy for two 
breaks in series as compared with one, and what is 
the maximum arc energv and range of variation at 
25 000 kVA and at 50000 kVA? Can they correlate 
the arc energy with the static pressures on the tanks 
of commercial circuit breakers of standard rating, 
suitable for breaking, say, 10 000 or 25 000 or 50 000 kVA, 
derived respectively from generators of 1000 kW, 
2500 kW, and 5000 kW output, with 10 per cent 
reactance ? Finallv, does their experience enable them 
to sav whether the variation is as large on commercial 
circuit breakers working on the same breaking capacity ? 
The Research Association have tested commercial circuit 
breakers at Carville, and the commercial ratings have 
not been shaken; the tests have, if anything, appeared 
to warrant a higher rating, notwithstanding the fact that 
circuit breakers of a small size, with weak tanks, were 
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deliberately selected to invite damage by the power 
available. I submit that British manfuacturers have 
a very good idea of what is required to deal with the 
worst short-circuit conditions that arise in heavy plant 
from time to time, and according to the laws of chance 
set out in the paper itself some of these are likelv to have 
approached the extremes. In regard to the remarks in 
the paper about the B.E.S.A. duty cycle, it should be 
remembered that this states a certain cycle of operations. 
The switch must open, then close, then open again, all on 
short-circuit, and still be suitable for going into service. 
The B.E.S.A. does not attempt to say that this proves 
the switch; the B.E.S.A. is not a proving house for 
switches. The important factor of stress on ''closing 
on short-circuit” is not dealt with in the paper, but it 
is covered in the B.E.S.A. duty cycle. All that is 
necessary is to make an addition.to the B.E.S.A. 
Specification acknowledging that the arc energy may 
vary for a given kVA breaking capacity, and stating 
that the duty cycle is intended to cover operations 
under the maximum stress on the circuit breaker at 
its rated breaking capacity. A paper by Sporn and 
St. Clair,* on some definite practical commercial tests 
on large circuit breakers with a capacity up to 
600 000 kVA, has, I think, a most important bearing 
on this discussion. Two pages of tests taken con- 
secutively are given in that paper, and they are all 
practically consistent, and do not show the 1-in-1 000 
chance variations. It is opportune here to mention 
how necessary it is that we should have testing plant 
of larger output. I submit that we are just trifling 
with things; we are only doing laboratory work on a 
5000-kW machine. Doubt may be cast on tests taken 
with the plant now available, and still more upon 
deductions that may be drawn from them when an 
attempt is made to apply them to determine the 
design of the much larger breakers that matter most 
in commercial practice to-day. Let us inquire why 
progress is not being made in equipping this country 
with plant equivalent to, if not in advance of, that of 
other countries—A merica and Germany, for example. 
For several years the Electrical Research Association 
have been making it known that they require larger 
plant to continue and confirm their tests already made 
on a merely experimental scale. Why is it that in this 
country we have to submit to the inconvenience, when- 
ever we want to test a circuit breaker, of having to take 
it to America or to Germany ? I suggest that the 
Institution should convene a meeting of switchgear 
manufacturers to discover what prevents our being 
equipped with testing plant equal to that possessed by 
our commercial rivals. 

Mr. R. W. Gregory: The paper shows that although 
nearly all the variables in the circuit, including the 
circuit characteristics, the generator characteristics ard 
the various physical dimensions of the oil circuit-breaker 
are kept constant, yet 1 000 tests are required to make 
sure that the circuit breaker is rupturing the maximum 
kVA. It has been realized for some time that oil 
circuit-breakers are erratic in their behaviour, but I 
do not think that the extent of this erratic behaviour 
was ever thought to be so great as is shown in the 


* Winter Convention (1927) of the American I.E.E. 
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paper. Before accepting the results as representative 
of the behaviour of all oil circuit-breakers, I should 
like to be sure that the variations were not due to the 
tests having been made under conditions approaching 
the yield point of the breaker where a state of instability 
may exist. Supposing the generator had been a 
500-kVA machine and the speed of break of the circuit 
breaker doubled and the head of oil trebled, would a 
similar range of tests be necessary? One of the 
immediate effects of this paper is to raise a doubt as 
to the accuracy of the manufacturers' rupturing capacity 
rating of commercial circuit breakers. This doubt 
already exists in America. The British switchgear 
manufacturer has, I think, sufficient ‘‘ horse " sense to 
realize the necessity in this matter of using a large 
factor of ignorance, and it is fair to state that he has 
produced apparatus which meets the requirements of 
the industry. I submit, however, that having done 
this does not necessarily mean that his rupturing 
capacity rating is correct. Switchgear engineering is 
very much an engineering of chances, and even neg- 
lecting the 1 000 to 1 chance described in this paper the 
chances against any particular switch on an electrical 
power system being called upon to do its maximum 
duty are very great. The following examples from 
service records illustrate this point. (1) On a 6 000-volt 
network there are 500 circuit breakers connected to 
feeders. The usual number of operations on faults 
during one year is five. Thus, there is a 100 to 1 
chance against any one circuit breaker operating at all 
on a fault in one year. The chance that this fault 
is a short-circuit between phases is about 10 to 1 against, 
which means that it is a 1000 to 1 chance against a 
switch having to operate on short-circuit on this system 
in one year. The authors point out that it is 1 000 to 1 
against this particular short-circuit providing the 
maximum arc energy in breaking, so that on this 
6 000-volt system it is a 1 000 000 to 1 chance against 
any one switch having to operate under the worst 
conditions in one year. How much money is it reason- 
able to invest in order to safeguard against this 1 000 000 
to 1 chance? (2) On a 20 000-volt system there are 
300 circuit breakers connected to feeders, and the usual 
number of operations on faults is 30 per annum. Thus, 
there is a 10 to 1 chance against any circuit breaker 
operating at all on a fault, and a 100 to 1 chance per 
annum against it operating on a short-circuit. Mul- 
tiplying by the authors’ figure of 1000, it is 100 000 to 1 
against any circult breaker having to operate in one 
year under the worst conditions. I know from experi- 
ence on this particular system that it is possible to get 
satisfactory service by using circuit breakers which have 
a rated rupturing capacity considerably below the 
estimated maximum fault. (3) On a 33000-volt 
underground cable system with 40 feeder circuit 
breakers there have been about 20 faults per annum, 
and these faults have, in the main, been short-circuits. 
so that there is only a 2 to 1 chance against any circuit 
breaker having to operate on short-circuit. Multiplving 
by 1 000, in any one year it is 2 000 to 1 against any 
one circuit breaker having to operate under the worst 
conditions. It would seem that the manufacturers are 
now obtaining their best experience on 33 000-volt 
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switchgear, but in any case there are difficulties in 
obtaining rating data from operating conditions owing 
to the very great infrequency of the operations. The 
soundness of the networks protected by these circuit 
breakers is against the obtaining of this data. Only 
when we have circuit breakers which are consistent in 
operation and will do exactly what they are expected 
to do can we be said to be out of the dark ages in this 
branch of engineering. Whether it is necessary to reach 
this state of perfection is another question, but the use 
of factors of ignorance is distasteful to most right- 
minded engineers, and the fact that it costs money 
makes it equally distasteful to all of us. We certainlv 
look to the Electrical Research Association to provide 
us with the data for designing circuit breakers which 
are consistent in their operation, and we wish them real 
success in their efforts. 

Mr. P. R. Boulton: The information given in the 
paper is very valuable from the purely scientific point 
of view, but it is not really information regarding the 
capacity of an oil switch judging by its speed of break 
or size of contacts. The oil switch fails to operate 
because, just at the moment of operating, it is not an 
oil switch, the oil not having had time to get between 
the contacts, and if one could arrange that the oil was 
actually present between the contacts when they com- 
menced to separate, and that there was sufficient oil 
to keep down the temperature during the early stages 
of opening, one would get better results. Reasoning 
on those lines I arranged an apparatus which broke 
the circuit at about 10 000 ft. per second, and in addition 
to that it broke at as many as 20 points instan- 
taneously. It was also so arranged that the oil was 
not only present at the very moment the contacts 
commenced to open but was there under a high pressure, 
ready to force itself between the contacts. Further, 
the oil was arranged so as to be not stationary, ready 
to move under the pressure, but actually moving in the 
same direction that it would move a moment later when 
it passed between the contacts; this was done in order 
to avoid the inertia of the oil. The pressure between 
the contacts at the moment of break ran up to some 
thousands of pounds per square inch. With that 
arrangement some millions of d.c. tests were made, and 
there was absolutely no sign of deterioration of contacts. 
That would appear to show that if we only get the oil 
there in time and also keep the contacts cool just at 
the commencement of break, before the metal has had 
time to volatize, we get good results. I found also that 
it did not matter whether the material was copper or 
some other metal having a lower conductivity. Steel 
was just as good. 

Dr. C. C. Garrard: I am very glad this paper has 
been presented to the Institution, because I believe that 
public discussion is very helpful to any work of co- 
operative research such as is being carried on by the 
Electrical Research Association. Hitherto, I under- 
stand, a policy of secrecy has been followed by that 
Association. This was, at the time, one of the effects 
of the war. Our late enemies had, it appeared, 
strengthened themselves by scientific research, there- 
fore we had to see to it, having at length done something 
in the same direction, that our efforts must only benefit 


924 


ourselves and not the rest of the world. To my mind 
this was a pettifogging idea and I hope this paper is 
but the beginning of many more. Of course no reason- 
able person would say that the people who pay for the 
research should not have the first benefit. This, how- 
ever, can be arranged by means of the Patent Laws 
and prior information. As early as possible, however, 
public discussion and criticism should be invited, and 
I am convinced that the benefits of such action will 
far outweigh the disadvantages. An Association such 
as the Research Association is different from the research 
laboratory of an individual company. The directors 
of a company can directly compare the results obtained 
from their own laboratory with the money it costs 
them. These results may be tangible or intangible, 
not the least of the latter being advertisement. For 
the same reason I believe it would do the British 
electrical engineering industry good if the Research 
Association which it supports would advertise itself 
more than it does at present. I hope I shall not be 
misunderstood when I say that this paper shows the 
need of criticism and discussion. It is written in such 
an involved mathematical style that it is difficult to 
understand, but I take it that the gist of the matter 
is that it is practically impossible to test an oil circuit- 
breaker by setting it to do its work of breaking a 
circuit. This conclusion is arrived at by measuring 
the arc energy in an experimental switch (which bears 
only a very remote likeness to a commercial switch of 
a breaking capacity equal to that of the tests) and the 
discovery that the arc energy varies, ceteris paribus, 
over a range of 50 to 1. Now I am rather inclined to 
think that the fact that this variation exists shows that 
the arc energy is not the true criterion sought. For 
myself I believe that, apart from obvious mechanical 
and electrical defects, switch disasters are always the 
result of gas explosions. The arc energy decomposes 
the oil. The energy liberated by the explosion of these 
gases, if fired, is greater than the initial arc energy and 
is more difficult to deal with than the latter. I would 
urge, therefore, that a more practical view be taken of 
these oil-switch researches. There is, I am afraid, a 
tendency to divert the work in rather fantastic direc- 
tions. There is, after all, no difficulty in making switches 
of a breaking capacity of 10000 kVA. If we knew 
their arc energy to 10 places of decimals we should 
probably not make them very differently. We should 
like some guidance, however, when we come to 1 000 000 
kVA. Unfortunately, owing to the action, or rather 
inaction, of those who control the capital invested in 
the electrical trade of this country the Association 
cannot make direct tests of this nature. I think, 
however, that some useful information could be obtained 
which could be extrapolated to the larger sizes. Such 
things as effect of speed of break come in this category. 
It seems to me that to say, as the paper in effect does, 
that field tests on circuit breakers are useless, is going 
too far. I think the authors have been led astray by 
following this '' will-of-the-wisp ’’ of arc energy. For 
field tests some less elusive criterion of successful 
operation is required, such as that suggested by the 
Sub-Committee on oil circuit-breakers of the Protective 
Devices Committee of the American Institute of Electrical 
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Engineers, that ''satisfactory operation of a breaker 
when opening at its rated rupturing capacity should be 
without throwing burning oil outside the tank or causing 
permanent deformation of tanks or any of the current- 
carrying parts." After all, oil circuit-breakers have 
reached a fairly high standard. For a modern power 
house they probably do not cost more than ls. per 
kW of plant installed (taking into account the fact 
that there are several switches for each turbo-generator). 
Failures can generally be explained if the full facts are 
known. This development has taken place by evolu- 
tion aided by a small amount of direct experimenting. 
What rupturing tests have been made have been 
extremely useful in spite of the authors' statements 
that such tests only provide about l chance in 1 000 
of being of any use. I therefore conclude my remarks 
by saying that, while I fully appreciate the work done by 
the authors, I rather doubt the conclusions they have 
drawn. However, public discussion such as this should 
eventually settle the point. 

Mr. C. W. Denny (communicated) : I was very sur- 
prised to see that all the tests were carried out on a 
single break in an open tank, when, as is well known, 
all modern circuit breakers rupture the circuit at two 
or more points in series, it generally being admitted that 
four or six points in series are more advantageous than 
two; in any case, they are certainly more advantageous 
than one. Itseems to me that the obvious thing would 
have been to select the most modern and up-to-date 
breaker and contact system and subject it to tests, 
rather than open the circuit at a single point in the 
middle of a large, open tank of oil. Recent tests carried 
out in America by the American Gas and Electric Light 
Co. at Sunnyside Substation, Ohio, were conducted on 
a commercial circuit breaker with spherical contacts— 
opening at four or six points in series in a closed tank 
and under normal working conditions. Surely such 
tests are far more convincing that the record of tests 
given in the paper. Although the Patent records inform 
us that the authors are from time to time applying for 
patents for improved contact systems, they do not refer 
to them in the paper. 

Mr. A. T. Scott (communicated): The paper is a 
very comprehensive analysis of the degree of variation 
of one complex variable out of a multitude. Of the 
fault conditions which may be reasonably termed 
infinitely variable in practice, one is selected for investi- 
gation. The nature and size of the plant supplying the 
fault, and its excitation (which exert in practice a 
primary influence on the fault-circuit conditions), are 
kept constant throughout. The authors' results, if of 
any commercial value at all, show the small degree of 
probability of any switch being called upon to do its 
duty, and these results, together with the figures given 
in the discussion by Mr. Gregory (which appear fairly 
representative of the number of switch operations per 
Switch-year) emphasize the importance of economic 
considerations with regard to switchgear. The nature 
of the duty of a switch viewed from the operating stand- 
point is at least as important as the rating of the duty, 
and while manufacturers may be justified in catering 
for immediate demands and developing on established 
lines, research, and especially British research, is expected 
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to go further. It would therefore be interesting to 
learn whether investigations have been or are being 
directed towards providing data which will enable a 
switch to control the current-rush on switching in, and 
the pressure-rise that will be experienced when switching 
off such circuits as will have to be dealt with in the 
future. Do the authors consider that, in future, millions 
of kVA will be dealt with by a glorified tumbler switch 
breaking in a gaseous or vacuous space under oil as at 
present? Power station switchgear is generally referred 
to as control gear. Control is most essential under 
fault conditions, and future requirements in this respect 
are surely more worthy of research than the provision 
of data that will merely enable rupturing capacities to 
be increased. Research has found electricity to have 
mass and inertia, and will find means to turn on or 
turn off the electronic stream instead of switching it 
on or off as at present, so that resultant bumps and 
the possibility of the stream bursting or disrupting its 
bounds will be eliminated. 

Dr. W. M. Thornton (communicated): I had a good 
deal to do at one time with the determination and 
calculation of pressures in switch tanks and know how 
difücult it is to predetermine the combination of con- 
ditions which will give the maximum destructive action. 
There is a certain similarity between oil switch operation 
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and ignition of explosive mixtures by transient arcs, in 
the sense that the critical conditions may be extremely 
sensitive. An explosion is the maintenance of flame 
by the atmosphere surrounding the arc; in the switch 
case the arc is maintained by incandescent vapours of 
oil and metal which may change suddenly from a badly 
conducting to a highly conducting condition. Even 
then they are bound to obey statistical laws in the long 
run, but the variations may be much more violent than 
in operations where critical conditions do not arise. It 
is the uncertainty of being able to predict when these 
conducting states arise that makes standardization of 
switchgear so difficult, and makes the statistical 
examination of the authors valuable, including them, 
as it does, in their scheme of probabilities. The con- 
ducting state is reached when the dissociated particles 
of carbon form a dense cloud which continues to glow 
even when the turbulent state of the vapour envelope 
of the arc tends to sweep it away. This glowing 
sheath of carbon, once established, retains its 
conducting properties while the arc goes out and 
the voltage rises in the reverse direction, so that 
the arc may in an extreme case form what is 
practically a short-circuit with the switch fully open. 
The remedy is to break up the conducting path 
mechanically. 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 28 MARCH, 1927. 


.Mr. H. W. Clothier: The paper emphasizes the 
difficulty of ascertaining the breaking capacity of a 
circuit breaker accurately by test methods, and leaves 
us pretty much where we were before. That is to 
say, we have still to be guided by practical experience, 
and must draw our conclusions from careful observation 
of both successful and unsuccessful operation of running 
plant under fault conditions. Whereas in the past a 
manufacturer of switchgear has had to rely upon vision 
and discernment, it might have been expected that 
experiments under more academic supervision would 
evolve some empirical formule that might make matters 
easier for the future; but so far the investigations 
of the Research Association that have been published 
merely tend to confirm the previous conclusion that 
a wise choice of designs must rest mainly upon what 
the eye can see on a drawing, and that mechanical 
perfection can best be arrived at by a close inspection 
of the parts that go to make up the movement and 
enclosure of a good circuit breaker. At one time the 
B.E.S.A. were led to recommend, because it was then 
the American practice, that for generators with 10 per 
cent reactance a circuit breaker should be used with a 
rating equal to 6 times the capacity of the plant. This 
recommendation did not secure unanimous agreement, 
because it failed to take account of the effect of asym- 
metry and made no allowance for the likelihood that 
the contacts of the circuit breaker would separate at 
the worst part of the short-circuit transient; it seemed, 
indeed, to be based on the erroneous assumption that, 
owing to the time factor of the mechanism, the contacts 
would always separate under favourable conditions. 
It has taken many years to explode this fallacy, but 
now, in the country of its origin, the manufacturers 


have boldly declared, apparently with unanimity, 
because the declaration is issued by the Power Club, 
that they will not give any guarantee of performance 
on what they say are unknown conditions when the 
critical moment of operation under short-circuit occurs. 
Some of the variations observed by the authors can be 
reproduced by anyone in his own home, if he has, say, 
a 10-ampere alternating-current radiator circuit con- 
trolled by a tumbler switch. If the cover of the switch 
is removed, so that the operation can be clearly seen, 
it will be found that sometimes the spark on breaking 
the circuit is :carcely perceptible, whereas on other 
occasions two arcs in series, each as much as half an 
inch long, may occur. Even under these simple con- 
ditions, then, we seem to be breaking the circuit too 
quickly ; and this is proved by using a protected plug 
instead of a switch to break the circuit. If the plug 
is pulled out at just the normal rate, no spark is scen 
at all. Although these cases are not precisely similar 
to those dealt with by the authors, they will serve as 
illustrations. When the switch is used, it break: 
quickly at a point tbat may be either near to or far 
from the zero of the wave. If it is near zero, the arc 
is short or even absent; but if it is far away, the arc 
is long. On the other hand, when the plug is used the 
break is slower; and even if only jl in. separates the 
plug pins from the socket it opens the circuit better 
than a quick break 1 in. long in a tumbler switch. When 
it comes to commercial testing on a large scale with 
three-phase currents, the case is not so hopeless as the 
authors seem to show. It is true that, owing to the 
incalculable effect of the uncontrolled time-instant, 
the exact kVA expected at each shot were not obtained, 
but the results under similar conditions were really 
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quite fairly consistent. I am not sure that the authors 
are on the right track in measuring their results entirely 
by the arc energy. They themselves say that the same 
number of kW-seconds may have a quite different de- 
structive effect according to whether the arc is of long or 
short duration, because of the variation in the rate of 
generation of energy. The thing that really matters 
in practical switch design is the mechanical shock of the 
impact, that is, the impulsive force tending to destroy 
the enclosure. It would have been better if the authors 
had used a switch of a more commercial form than the 
quite abnormal one on which their tests were carried 
out; and it would also have been preferable if they 
had measured the forces that had to be withstood. 
Unfortunately, no one seems to have as yet devised a 
suitable means for measuring these forces. It cannot 
be made too clear that ample strength of enclosure is 
the surest line of defence against trouble, because it is 
always available. Even if special means are adopted 
for reducing the arc energy, such as explosion pots, 
multi-breaks, serial breaks, resistance breaks, speed 
(in moderation), a vacuum, or a stabilized arc, any of 
these devices may fail, and the arc may get out of 
control, with the result that the tank, if it is too 
weak, will be likely to give way. An example of this is 
actually quoted, in a paper by Sporn and St. Clair before 
the American Institute of Electrical Engineers in 
February of this year, as having occurred in switches 
with thin tanks and explosion pots. One important 
lesson to be learnt from the paper is that the per- 
formance of a circuit breaker is evidently more erratic 
on a single-phase circuit than on a three-phase circuit. 
The practical conclusion to be drawn from this is that 
a single tank containing all the phases is preferable to 
a separate tank for each phase, because the effects of 
asynchronism and the chance position on the wave 
are partially smoothed out by having the volume in 
the tank belonging to the lightly-loaded phase or phases 
available to ease the stress on the parts immediately 
affected by the heavily-loaded phase or phases. 

Mr. T. Carter: The paper contains an account of 
the results of much patient work done to clear the way 
to an understanding of the problem and to a statement 
of it from a fresh point of view. A correct statement 
of a problem often allows a long step to be taken 
towards its solution; and therefore the authors’ study 
of it has been a definite source of progress, even though 
it seems to lead to a very indefinite conclu:ion. It 
proceeds by way of a calculation in probabilities, and 
I have the feeling that such a method is not to be 
trusted very far when questions of real fact are con- 
cerned. Chrystal deals very cautiously with the subject 
of probabilities in his ‘‘ Text Book of Algebra," and quotes 
de Morgan, who said that his own impression, derived 
from many circumstances connected with the analysis 
of probabilities, was that mathematical results had 
outrun their interpretation. That is the danger: the 
result of the application of a rule in the calculus of 
probabilities may be regarded as having some counter- 
part in fact, whereas its actual connection with fact, 
if any, may be most remote. There are, of course, 
orders of verisimilitude. At one end of the scale we 
may put the ancient simple people who watched the 
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highest point of the sun’s path go lower in the sky 
every day in autumn, and prayed to all the gods they 
knew that it might not vanish for ever. At last it 
began to rise again, and the fears of those early watchers 
disappeared. The resurrection of the sun became at 
last so certain that it ceased to be a matter of concem, 
and came into the category of sure things. At the 
other end of the scale we may put the man who, on 
the day after he was 90 years old, said that he was safe 
for another year, because he had always found that if 
he lived over his birthday he lived also for the next 
12 months. This kind of thing can be reduced to 
figures: How often, for example, must a man toss a 
penny in order that the odds may be 100 to 1 that he 
gets at least one head ? The answer is that the odds are 
less than 100 to 1 after 6 tosses, and more than 100 to 1 
after 7. But does that mean that he will certainlv 
get one head? By no means. After each toss, the 
chances are equal that the next one will be head or 
tail; any one toss has nothing to do with the next. 
All that I have said goes to show, to my mind, that it 
is far from safe to base conclusions about what is going 
to happen on any theory of probabilities. The stepping- 
stone from the authors' experimental facts to their 
conclusions, as I understand the matter, is the smooth 
curve in Fig. 1. I should like to be clear that the shape 
of this curve is justified. (Incidentally, I am not sure 
precisely what the percentage scale means; for if I 
divide up the range from 6 to 8 kW-seconds into eight 
parts, the smooth curve seems to say that each of 
the nine values, 6, 61, and so on up to 8 by quarters, 
happened in about 11 per cent of the tests ; and so the 
whole 100 per cent can be made up between 6 and 8 
kW-seconds. Perhaps it is a question of scale merely ; 
or it may be that the whole range of kW-seconds should 
be divided up into definite short sections. The smooth 
curve indicates that anything as large as 42 to 44kW- 
seconds has a chance of occurring, on an average, once 
in a few hundred times. But the fact is that energies 
within that range actually occurred during the authors’ 
tests approximately once in 50 times. It is true, as the 
authors point out, that if the maximum has to be 
increased their conclusions would only be strengthened ; 
but the kind of discrepancy I have referred to seems to 
leave me pretty much in the dark; and I am still a 
little afraid of the dark. What would have happened 
if more tests had been made, and the steps had been 
filled up? Is it possible to say that there would not 
have been some approach to the ordinary symmetrical 
probability curve, which would have thrown the weight 
of the area much further to the right, and so would 
have materially altered the conclusions ? The authors 
say that if two tests are successfully withstood, the 
circuit breaker may be safely rated for 1/24th of the 
maximum kVA, and that that is all that can be 
assumed. It is true that it may have had a break- 
energy of only 2 kW-seconds as compared with a 
possible 50 (assuming for the moment that kW-seconds 
are proportional to kVA); but it may have had 
48 kW-seconds (who can tell?), and the test, if it 
could be interpreted accurately, and not merely accord- 
ing to a probability, would then show the circuit 
breaker to be safe for practically the maximum possible 
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break-energy. Further, even if the probability calcu- 
lation is accepted, what is the corresponding probability 
that in practice the circuit breaker tested in this way 
will have to break under conditions of maximum 
energy ? If the circuit breaker operates successfully 
twice, is there not a good deal to be said for a conclusion 
that would maintain that whatever chance determines 
the break-energy during the test will equally determine 
it in practice, so that the circuit breaker may be put 
into a circuit with the same maximum energy as the 
test circuit, and be considered ample for the work ? To 
me, the one important conclusion to be drawn from 
the authors’ work described in the paper is that, as 
so often happens in this changing world, it is impossible 
to be sure of anything. Their contribution to the study 
of the subject is, in my view, of great value, because it 
does show the uncertainties that arise along the lines 
they followed in their tests; and so I fasten with all 
the greater eagerness on their statement, on page 919, 
that the Research Association is within measurable 
reach of success in its analysis of the variables. Having 
prepared the way by their present paper, they will 
doubtless let us have further information as soon as it 
is ready. We shall all hope, I am sure, that it may not 
be long before it is published. 

Mr. L. C. Grant: It is probably fairly common 
knowledge that, for given circuit conditions, the per- 
formance of an oil switch in rupturing the resultant 
power is not consistent, but the paper tells us some- 
thing different. It gives us in terms of chances or 
probability the value of a given test or series of tests 
as the basis for gauging the subsequent performance 
under all conditions. It will be seen that, in order to 
obtain anything like surety of maximum duty, an 
enormous number of tests must be made. This is 
precisely the conclusion that I have myself come to as 
a result of a long series of tests employing power of 
the order of 50000 kVA. There was once a very 
prevalent idea that if the power, voltage and other 
circuit conditions were kept unchanged, the duty on a 
given oil switch should then be the same. Results 
prove how futile is such an assumption. There is, 
moreover, no reasonable basis to support the idea that 
the performance of an oil switch should remain 
unchanged throughout a series of tests under the same 
conditions. The electric arc, whether in air or oil, is 
one of the most unstable things in nature. One has 
only to examine a small arc to get striking proof of 
this. An arc will dance about between the electrodes, 
it can be blown into almost any fantastic shape with 
a breath of air, it is sometimes long and sometimes 
short, it can, with very little alteration, be made into 
a generator of oscillations for wireless ; in fact, it can 
be said of the arc, and with just as much justification, 
that it is as unstable as water. The authors give arc- 
energy figures of 0-5 to 50 kW-seconds, representing 
presumably a nominal maximum short-circuit power of 
30 000 kVA (that is the product of the open-circuit 
voltage and short-circuit current). My own tests show 
a parallel inconsistency, but I think that we should 
bear in mind one or two special factors in the authors' 
tests which I think may create a wrong impression, and 
I think it is most important that an attempt should be 


made to assess the tests at their true practical value. 
They were carried out in an open-topped tank on a 
single-break switch, and a comparatively small head of 
oil was used. It is clear from my tests that the per- 
formance of a switch in an open tank is very different 
from that of a switch in a closed tank. The compara- 
tively small static head of oil is of small importance, 
I think, and the absence of enclosure results also in 
the absence of that most important factor in the efficient 
interruption of electric circuits, i.e. the reactionary 
pressure of the oil upon the arc, which is very many 
times that of the simple '' head." A single break, too, 
is apt to be misleading and, of course, results in increased 
arc energy for a given circuit power. The contacts 
used in the tests were of comparatively light con- 
struction; this again is, I think, a matter having an 
important bearing upon the rupturing performance. 
Considerable improvements in the performance can be 
made by (1) total enclosure, (2) multi-break, and 
(3) the use of heavy contacts, and I accordingly disagree 
with the authors' remarks at the top of page 914. In 
practice, further improvements can be effected by the 
use of a resistance break properly applied, and possibly 
by other known means of reducing the aggregate arc 
energy. I mention these points because, although I 
agree with the authors' figures showing the enormous 
variation they obtained in arc energy, I think that in 
attempting to simplify the testing conditions they have 
rather got away from real conditions and, I think, 
somewhat unnecessarily so. It would probably be as 
difficult, if not more so, to apply their simplified testing 
conditions to practical power supply conditions as it 
would have been to have made the tests on a more 
practical form of oil switch, with possibly more difficulty 
in interpreting the results. However, after having 
adopted the foregoing suggestions and effecting all 
resultant reduction of the arc-energy range, there 
remains considerable inconsistency of operation which 


seems to indicate that under present conditions there are 


two courses available, (1) to accept the inconsistencies 
for what they are worth when the ratio of arc-energy 
limits seems to be from 1: 10 which, of course, represents 
considerably lessened risk as compared with the implied 
risk in the paper, and (2) to attempt to eliminate or 
reduce the inconsistency. The importance of the latter 
is made plain when we consider that a manufacturer 
has the option of building a switch for a range of arc 
energy of possibly 1:50 (according to the authors' 
tests), or 1: 10, as suggested above, which means that 
to build a switch to meet the worst conditions results 
in an expensive and somewhat unpractical design. Any 
method of reducing the range of arc energy would, 
therefore, be welcome, and to achieve any success in 
this direction it would seem necessary to control not 
the circuit conditions but the arcing phenomena. 
Some of my tests show that this can be achieved in a 
fairly simple manner, resulting in the arc-energy ratio 
and maxima being less than the figures obtained on 
a well-designed commercial oil switch and less still 
than those obtained in the authors’ tests. Another 
point in the paper which I think will not stand criticism 
is their criterion for comparison, i.e. that of aggregate 
arc energy. Aggregate arc energy is not of much 
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value for comparing results unless it is taken with due 
regard to other conditions. To consider this point 
fundamentally, let us take the Research Association's 
own figure of 50 kVA of arc energy. Now, if the libera- 
tion of this were spread over, say, 1 minute, using the 
same oll switch, there would be no explosive effects at 
all. If, however, the time be progressively reduced, it 
wil be found that the effects become more and more 
explosive, thus showing the vital importance of time 
and other factors. As a direct comparison, I might 
mention tests which I carried out under identical condi- 
tions and in both of which the arc energy was approxi- 
mately the same and even the time base was of 
approximately the same length. In the first operation 
the oil switch opened quietly; in the second it was 
obviously stressed as a considerable amount of oil was 
ejected, accompanied by other unpleasant phenomena. 
The pressures set up, too, were widely different ; the only 
difference was in the character of the arcing phenomena 
as shown by the oscillograph record, and the important 
point emerging from this and many similar tests is 
that the rate and manner of release of arc energy are 
equally as important as, if not more important than, 
aggregate arc energy. To turn to the practical appli- 
cation of the authors' results to existing conditions, 
there appear to be two important points of view. 


The first is that, although the range of arc energy given - 


in the paper is very considerable, yet we must not 
assume that a manufacturer designs for the lowest 
figures. Actually, it seems to me that manufacturers 
unconsciously design for somewhere about the average 
figure usually obtained, and in the majority of strong 
designs an instinctive feeling or possibly a process of 
evolution resulting from disastrous past experiences has 
resulted in the average arc-energy figure being recognized. 
Thus, even if an oil switch does have to deal with the 
worst conditions, the chances of it clearing are, at the 
worst, just about 2: 1 against it, and, as manufacturers 
often have what they call a factor of safety in the design 
of their oil switches, it seems that there is reasonable 
justification for expecting many of them to stand up to 
fairly heavy duty. I suppose that past disasters would 
have resulted in an even larger and stronger oil switch 
had economical factors not reacted so strongly and 
consequently resulted in the point of equilibrium being 
somewhat low from the technical point of view. From 
the authors' results it is easy to work out the chances 
against a given oil switch being able to meet its maximum 
duty, or the value of a small number of tests as a 
criterion for basing the chances of its handling maximum 
power. Other speakers in the discussion have shown 
rather an aptitude for laying the odds, so I will not 
attempt to duplicate their efforts. I refer to this 
matter only (1) to point out that in applying their 
results to practice, the number of operations on a 
power system per number of switch-years is rather 
surprisingly small, and upon correlating these figures 
with the chances of reaching maximum as given in the 
paper it will be found that the chances of a switch 
having to stand up to maximum duty are perhaps 
smaller than might be conveyed by the data in the 
paper, and (2) to emphasize again the fact that the 
results in the paper are of rather a theoretical 


character and that (perhaps unusually) the practical 
conditions are more favourable. It seems to be 
reasonable engineering to weigh the chances of operation 
against cost when considering industrial switchgear 
and switchgear in non-strategical positions, but, of 
course, for power station work and important switching 
centres I think it is beyond controversy that no chance 
should be consciously taken and that the very best 
article obtainable should be installed. 

Mr. J. A. Harle: I agree with the previous speakers 
that from the point of view of the switch manufacturer 
the conclusions of this paper are very disappointing 
in that they practically mean that no circuit breaker 
can ever be tested completely for its breaking capacity 
on a scientific basis. While the phenomenon of varying 
arc energy for a given kVA broken has been known for 
many years, it has never been appreciated that so many 
tests are necessary before a safe rating value can be 
determined. The authors’ analogy of a varying fulcrum 
shows that the problem is a difficult one, but I should 
think a great deal of trouble and expense would be 
eliminated by instantaneously recording the fulcrum 
position at a particular moment when the weighing is 
being taken and, from this record, correcting the results. 
For example, on circuit-breaker testing we can assume 
that certain factors can be readily kept practically 
constant during the test, besides the other constant 
factors which are inherent in the design of the circuit 
breaker under test, leaving certain variables which 
could be recorded by means of an oscillograph. These 
variables would essentially consist of circuit variables, 
with the possible exception of the cross-bar velocity, 
which would probably vary to a certain extent with 
short-circuit current blow-out force in a manner which 
would not be simply proportional owing to other 
factors on which the blow-out force is superimposed. 
With the above in view I should like to ask the 
authors whether, given a record of these variables in 
the form of oscillograph records taken on a series 
of tests, of which two consecutively have stressed 
the breaker up to a condition that all interested 
parties are agreed would be the worst condition of 
stress that they would tolerate in practice, in accordance 
with the performance duties laid down in the specifica- 
tion, they could not determine a probable rating of the 
breaker in a more rapid and, I should say, safer manner 
than that indicated in the paper. For example, the 
results would indicate the total arc energy set up, 
which, I assume, would be a measure of the stress that 
this breaker would stand safely. With this arc energy 
before them I should have thought that the information 
they have obtained from the elaborate researches of 
the E.R.A. would have enabled them to predict the 
maximum kVA which would produce this arc energy 
under the very worst arc-energy production condition. 
The tests would, of course, be carried out at the rating 
voltage so that the short-circuit current value, asym- 
metry condition, point of current wave on which 
contacts separated, and circuit power factor would be 
the determining factors and these could be all measured 
and, I should think, corrected to give the worst circuit- 
rating condition mentioned before. I should recommend 
the authors to give consideration to such constructive 
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work as this which would be of more use in interpreting 
. test-results taken on a more commercial basis than the 
laying down of a number of test-results which in practice 
will be impossible to obtain. In the above I assume 
that the phenomenon of arc energy has been reduced 
to a relatively scientific basis and I should like the 
authors to confirm that this worst arc-energy condition 
is not some indeterminate phenomenon but a hazard of 
a number of the variable conditions mentioned before 
being coincident. 

Mr. R. M. Longman : Whilst I appreciate the large 
number of tests and amount of work put into this 
investigation by the authors, I am somewhat disap- 
pointed at the results put forward in this paper. The 
authors have used an open-tank switch, built up in 
many ways different from any of the general models. 
Would it not have been better to have made a complete 
range of investigations on one well-known type, and 
in this way to arrive at certain deductions which, 
very possibly, may be common to other types? One 
realizes that the reply may be that such a complete 
range of tests would have to be made on all and every 
circuit breaker, but I do not agree that this would be 
necessary. As engineers we cannot accept the state- 
ment that 1000 tests would have to be made on the 
same circuit breaker and under the same conditions, 
to be reasonably sure that we have obtained the worst 
conditions possible. Surely something better than this 
could be evolved, and the number of tests required be 
reduced to 10. The arc energy is given in kW-seconds ; 
would not kVA-seconds be of more value? A further 
explanation of the method of arriving at this value 
would be of interest. On a preliminary perusal of the 
paper I felt very inclined to criticize the values of arc 
energy given, and I should like to know whether a 
second oscillograph was used as a check on the other 
and whether substantial agreement was obtained. How- 
ever, in the cinematograph films shown the amount of 
smoke produced confirms in a way the amount of arc 
energy calculated. The authors state that if a circuit 
breaker clears satisfactorily twice on a circuit capable 
of giving 10 000 kVA it is safe for operation on 1/24th 
of this amount, i.e. 400 kVA. Is a rating of this nature 
likely to be acceptable to the switchgear manufacturers ? 
The success of a circuit breaker depends largely on the 
design for permitting a quick rush of oil between the 
contacts. On operation the design should be such that 
the movement of the breaker does not cause a vacuum 
between the contacts, but forces (almost squirts) the 
oil straight on to the contacts, thus preventing a vacuum 
and cooling the metal. The authors refer to the manu- 
facturers’ factor of safety in setting the capacity of 
circuit breakers, but this largely appears to be a 
** factor of luck," seeing that the chances are about 1 in 
1000 that a breaker is ever called upon to operate 


under the worst conditions, and when the large number 
of breakers of high rupturing capacity that may be 
installed on a large system are considered, the chances of 
their having to operate under the worst conditions are 
extremely small. The question then arises whether it 
is possible to reduce the expenditure on such switch- 
gear. From actual experience we know that a certain 
range of circuit breakers could be relied upon up to 
definite values, whereas it has been found that certain 
breakers are decidedly over-rated (possibly these may 
be the unfortunate ones which have had to operate 
under the worst conditions—1 in 1000). Referring to 
the tests recently carried out in America and already 
mentioned by Mr. Clothier, although the breakers in 
question operated under conditions of calculated 
rupturing capacities of approximately 1000000 kVA 
on several occasions, it is possible that the worst con- 
ditions, i.e. the conditions giving the maximum arc 
energy, were not obtained and that equally or more 
severe conditions may be obtained with much less plant 
connected. 

Mr. G. H. Bowden (communicated): The paper at 
first sight gives the impression that we have receded, 
not progressed, but as it tells us where we fail it is a 
definite step towards the solution of our difficulties. 
That the variable factors of the case give wide difference 
in test-results cannot be disputed, and this is ably and 
amply demonstrated in the paper. Perhaps efforts 
have been made in the direction that appears to me to 
be the most striking suggestion. I refer to the removal 
of the one indefinite quantity that makes its effect so 
pronounced, i.e. the instant that the contacts part on 
breaking the short-circuit. If the short-circuit is 
broken at various points in the current wave and at 
various times after development of the maximum 
amplitude of the short-circuit current, wide variations 
in the arc energy will occur between the parting contacts 
of the switch. I suggest that the application of the 
short-circuit can be timed more or less accurately to 
take place at a definite place in the pressure wave. To 
obtain the benefit of this controlled feature the time 
(in the case of a short-circuited alternator) of the 
parting of the contacts needs to be controlled also. 
This could, I think, be effected by providing a high- 
speed circuit maker in series with the closed oil switch 
under test. The closing of the circuit maker would 
be controlled by an electrical contact or mechanical 
arm operated by a rotating synchronous motor. The 
opening of the oil switch would be controlled by a 
specially accurate, definite timing device or by the 
synchronous motor referred to previously. Though 
high accuracy may not thus be obtained the suggested 
methods are a step in the required direction and should 
enable satisfactory results to be obtained with the 
performance of a reasonable number of tests. 


THE AUTHORS’ REPLY TO THE DISCUSSIONS AT LONDON AND NEWCASTLE. 


Messrs. E. B. Wedmore, W. B. Whitney and 
C. E. R. Bruce (i» reply): Our sympathies are entirely 
with Mr. Partridge in his opening remarks and with 
others who are expecting more information on the art 
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of circuit-breaking. The paper can be described as an 
appetizer. Our real researches are concerned with the 
intensive study of these sources of variation, with a 
view to their control or estimation or removal, as the 
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case may be. As a result of that intensive study, we 


have already made some distinct and novel advances in $ 
the art; these are covered by applications for patents, EE $ 
and when we have secured those patents we hope to E ds 
bring forward another paper. Le” 
Mr. Partridge kindly placed at our disposal some $ 
years ago his experience with oil circuit-breakers, and = 
in the wide research we are carrying out at Newcastle MEL 005 y 
we are already dealing with most of the points to which | ENS A N e 
he has called attention. Ay LE. 
Mr. Clothier has asked a number of questions which | */$ N E 
bear on that aspect of our work, and Dr. Garrard has vind 3 
also indicated some. In the private files of the firms oes = SS 
with which those two speakers are connected they have d82 S 
answers from us to most of those questions, but we agree e FE N 
that they are questions which should be raised before Fas _ 4 


this Institution and freely and frankly discussed. 


Open-circuit 
voltage wave 
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We have established, we think, the main contention of a S 8 t 
our paper except on one issue—an important one. We re z 
have stated frankly in the paper that we have not É 8 9 
carried the tests beyond a certain range of power and É É = É 
other conditions, and the speakers rightly challenge us Bx 3 d 16 : 
as to whether these same results would hold under 3 -$ z 3 
different conditions. We do not know what would 8 S C 
happen under very different circumstances, but since the —9 a z$ 2 
advance copies of the paper were printed for distribution 3 x e Pb $ 
we have had several opportunities of examining tests 3 H | cE e 
under much heavier conditions of service. So far, the H n v2 ». Ly (C 
result of our examination, which included the paper Es SEG 
referred to by Mr. Clothier, has been that no one has 9 we ce 


produced any evidence of materially different distribu- 
tion curves on commercial circuit breakers under higher 
power and voltage, except where the designs have special 
features such as, for example, explosion pots. We have 
tested a number of commercial circuit breakers at 
Carville, and the experience which we have gained 
there also confirms us in the belief that the results as 
set forth in the paper are applicable to the usual com- 
mercial designs and to much more severe conditions 
of practice. 


Open-circuit 
voltage wave 
7 560 volts 


(The voltage wave during arcing is omitted.) 


oscillograph record and power curve. 
Norg.—The energy liberated during arcing (represented by the hatched area) was 0:9 kW-second appr oximately. 


B.—Test No. 1256: 
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We do not apologize for the way in which the paper 
has been presented. It is a scientific matter, and the 
theory of probability is the essence of the whole thing. 

We have not given quite sufficient data in the paper 
to enable Mr. Gregory to assess the precise importance 
of what he states in his contribution to the discussion. 
In Table 1 we have worked out the results not only on 
the basis of a 1 000 to 1 chance, but on the basis of a 
100 to 1 chance, and the results on the latter are not 
greatly different from thoseon the former. So we may at 
once delete thelast nought from Mr. Gregory's figures. In 
view of his remarks, we give a table (Table A) showing 
the 10 to 1 chance, which will delete another nought. 

When we began our tests manufacturers were eager 
to publish the results which we got on their small circuit 
breakers, but we held our hand and the result has 
justified the line we took. We hope that we have 
finally disposed of the idea that if, on a particular day, 
a particular circuit breaker breaks one million kVA, it 
can therefore be properly rated at one million kVA. 
The only persons who can properly rate circuit breakers 
are the manufacturers who have had a really extensive 
experience of their circuit breakers under severe service 
conditions. 

Mr. Bowden thinks that greater regularity in results 
would be attained if the symmetry of a short-circuit 
could be controlled and if the point in time at whicb 
arcing commences owing to the separation of the ‘con- 
tacts could also be accurately controlled in relation to 
the point on the current wave and on the die-away 
curve of the short-circuit. He suggests the use of a 
synchronous motor. Realizing the vital importance of 
this question, before the researches were commenced at 
Newcastle, the Electrical Research Association developed 
controlling devices for the above purpose. By their 
aid we are able to control with precision the initial 
direction of the current rush, the asymmetry of a short- 
circuit, and the point of commencement of arcing in 
relation to the current wave. The mean variation in 
asymmetry is only + 5°, or, in other words, the con- 
tactor which throws on the short-circuit operates with 
a mean error in closing of less than + 1/2800 second or 
about 1/70th of a cycle at a frequency of 40 cycles. The 
time delay between the commencement of a short-circuit 
and the start of arcing can be controlled within a mean 
of + 1/1000 second, or 1/25th of acycle. It was found, 
contrary to what was expected, that control of these 
features did not greatly reduce the total range of 
variation of energy. 
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We welcome the support given by Mr. Grant and 
also his criticism, as he has carried out actual quantitative 
testing, but we cannot accept his dictum that the use 
of enclosures, heavy contacts and the like will reduce 
the range of variation to, say, 10:1. We had an 
idea for a long time that we were getting about this 
range and it was only on studying a series of tests 
unique in number and made under similar conditions, 
and applying the appropriate methods of mathematical 
analysis, that we found the real state of affairs. He 
challenges our selection of total arc energy as a criterion. 
We allow in Appendix II that in the ultimate analysis 
the rate of energy release should be studied, but we 
could not substitute this factor for total arc energy and 
retain any relationship with gas production which leads 
to static pressure-rise and to explosion, or with contact 
burning. We found further that a study of the maxi- 
mum rates of arc energy liberation led to much the same 
distribution as was given by total energy. 

Dr. Garrard also questions whether we are sound in 
taking arc energy as a criterion of the performance of 
the circuit breaker. We have pointed out that arc 
energy gives us a measure of gas production, and also 
of the burning of the contacts, and, generally speaking, 
arc energy is correlated more closely than any other 
single quantity to all the factors which are important 
in estimating the rupturing capacity of a circuit breaker. 
That is our justification for taking arc energy as a 
basis. He complains both that our methods are too 
involved and that they are notinvolved enough. These 
criticisms cancel one another. 

Messrs. Carter and Harle have missed the point that, 
even if one obtains the maximum energy on a particular 
test and record, one cannot tell that one has in fact 
obtained the maximum. Their advice is much like 
that given to investors when they are told to sell out 
on the peak of the wave. 

Mr. Boulton raises the question as to whether circuit 
breakers would not be improved if the oil could be got 
quickly between the contacts. The oil circuit-breaker 
may be defined as one in which the circuit is not broken 
in oil. It is, in fact, broken in the gas formed between 
the contacts. If the alternating-current arc is forced 
to go out, there will be a rise of voltage due to the 
inductance of the circuit. ; 

In conclusion, two drawings of oscillograph records 
are reproduced in Figs. À and B and show consecutive 
tests in which a range of 50: 1 in total arc energy was 
actually recorded. 
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ERRORS IN THE MAGNETIC TESTING OF RING SPECIMENS.* 


By Epwarp Hucauzs, B.Sc., Ph.D., Associate Member. 


(Paper first received 8th February, and in final form 17th May, 1927.) 


SUMMARY. 


It is the usual practice to make the ratio of the radial 
thickness to the mean diameter of a ring about yy to yx, 
so as to limit the error due to non-uniform flux distribution. 
The adoption of a ratio of this order is apparently based 
upon the work of M. G. Lloyd, who calculated the errors 
involved in the determination of the magnetization curve 
and of the hysteresis loss for various ratios of radial thickness 
to mean diameter. His calculations, however, were based 
on the assumption of constant permeability. It is shown in 
this paper that, when the variation of permeability is taken 
into account, the errors involved in ‘the determination of 
the above-mentioned quantities are almost invariably either 
smaller or larger than those calculated by Lloyd. 

The paper discusses the influence of the ratio of radial 
thickness to mean diameter, and of reluctivity, upon :— 

(a) The relationship between the average flux density in 
the ring and the flux density corresponding to the average 
magnetizing force. 

(b The relationship between the actual hysteresis loss in 
the ring and the hysteresis loss in the same volume of iron 
owing to the flux density corresponding to the average 
magnetizing force. The influence of the exponent of B upon 
this relationship is also considered. 

(c) The relationship between the true hysteresis coefficient 
and that determined from a test performed with (1) an 
alternating-current supply, (2) a ballistic galvanometer. 

Reference is made to the desirability—under certain con- 
ditions—of using a higher ratio of radial thickness to mean 
diameter than is customary, in order that any error due to 
mechanical strain produced by punching, etc., may be 
reduced. 


List OF SYMBOLS. 


r = mean radius of ring ; 
2t — radial thickness of ring ; 
t/r = (radial thickness)/(mean diameter) ; 
H — average magnetizing force acting on ring; 
= (m.m.f.)/27r ; 
H, = magnetizing force acting at radius (r + 2) ; 
= Hrf(r + 2); 
B = flux density due to the average magnetizing 
force H ; 
= flux density at mean radius r ; 
B, — flux density due to H, ; 
= flux density at radius (r + c) ; 


B, = average flux density as derived from test on- 


ring ; 


total flux i . . 
= —— ———— — —— = —, since the axial width of 
section of ring 2f 


ring is assumed to be unity ; 


* The Papers Committee invite written communications (with a view to 
publication in the Journal if approved by the Committce) on papers published 
in the Journal without being read at a mecting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 


List OF SYMBOLS— continued. 


¿é = magnetic reluctivity at mean diameter ; 
magnetizing force at mean diameter H. 
~ actual flux density at mean diameter  B' 
a = intercept on the vertical axis of a tangent to 
the éH curve ; 
b = slope of that tangent ; 
k = factor by which B, must be multiplied to 
give B ; 
= B[B, ; 
m — hysteresis exponent of the flux density ; 
W, — hysteresis loss per cycle in ring ; 
W = hysteresis loss per cycle in the same volume of 
iron at uniform flux density B ; 
W, = hysteresis loss per cycle derived from a 
hysteresis loop plotted with B, against H ; 
7] = true hysteresis coefficient ; 
^ = hysteresis loss per unit volume per unit flux 
density per cycle ; 

Na and 7 = hysteresis coefficients calculated from the 
actual loss W, in terms of B, and B 
respectively ; 

7), and 7, = hysteresis coefficients calculated from Wy in 
terms of B, and B respectively. 


When a magnetic material is being tested in the form 


of a ring, it is usual to make the radial thickness of the 


ring small in comparison with the diameter. In the 
" Dictionary of Applied Physics” * it is stated that 


TABLE 1. 
Diameter H B 
cm 
6-5 24-6 13 030 
7-5 21:33 12 740 
8-b 18-83 12 420 
9°5 16:84 12 130 
10-5 15-23 11 870 
11:5 13-92 11 600 
12-5 12:8 11 340 
13: 5 11:85 11 120 


"for high accuracy the ratio of radial thickness to 
outside diameter should be not greater than 1/15. If 
results accurate to 1 per cent are sufficient this ratio 
may be increased to 1/10." The effect of this ratio 
upon the accuracy of testing has been discussed by 
Lloyd,t but his treatment of the subject is vitiated by 


* “ Dictionary of Applied Physics," vol. 2, p. 469, § 17 (i) (a). . F 
t M Erro pecimens, 


. G. Lioyp: “ rs in Magnetic Testing with Ring S 


Bulletin of the Bureau of Standards, 1908-09, vol. 5, p. 435. 
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his assumption of constant permeability; and it is 
shown below that the results thus obtained are erroneous. 

The effect of varying the radial thickness relatively 
to the diameter can be examined by taking a BH curve 
such as that given in Fig. 1 and determining therefrom 


o é/a 
2 Reluctivity 


o 
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ing difference calculated by à method described later is 
30. The above process is obviously very lengthy and 
tedious, and is impracticable when the ratio of radial 
thickness to mean diameter is less than about 0:1. 

It is well known that the magnetic reluctivity of a 


Flux density 


pd 
v 
o 
S 


20 
Magnetizing force 
Fic. 1. 


the fiux densities at various radial distances. Thus, 
consider a ring having a radial thickness of 4 cm and 
a mean diameter of 10 cm, and suppose the value of H 
at the mean diameter to be 16. The values of H at 


material is approximately a linear function of the 
magnetizing force except for relatively small values of 
the latter. For the sake of simplicity, the magnetic 
reluctivity throughout this paper is taken as the ratio 
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» 
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fsa 
8 0-08 16 000 
6 0-06 12 000 
4 0°04 8 000 
DEDE "I 
| p? VAP , 
0 00 0 


Mágnetizing force 
Fic. 2. 


various diameters can be calculated and the correspond- 
ing values of B read off the BH curve in Fig. 1, the 
results being as indicated in Table 1. 

With the above flux distribution the mean value of 
B is 12 031, whereas the flux density for a magnetizing 
force of 16 is 12 000, a difference of 31. The correspond- 


of the magnetizing force to the actual flux density and 
not to the ferro-magnetic density. As far as the problem 
under consideration is concerned, the error involved is 
negligibly small since the effect of the radial thickness 
is a minimum at high values of H. Figs. 1 and 2 
represent the relationship between the magnetic reluc- 
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tivity and the magnetizing force for a particular specimen 
of mild steel and for cobalt steel * respectively. The 
flux-density curves have also been inserted to show more 
clearly where the reluctivity curve deviates from the 
straight line. 

If a tangent be drawn at any point of the £H curve 
and produced to cut the vertical axis at a, such a 
tangent when drawn on the positive slope of the £H 
curve is coincident with the latter over a considerable 
range of H. A tangent drawn on the negative slope 
(Fig. 2) is also coincident with the £H curve over an 
appreciable range of H. The deviation of the curve 
from the tangent is most rapid where é is a minimum. 
It wil be obvious, however, that over practically the 
whole range of H on the positive slope of the €H curve, 
and over a large range of H on the negative slope, the 
relationship between £ and H can be represented thus :— 


€ —a -+ bH, 


where é = magnetic reluctivity, 
G — intercept on the vertical axis of a tangent to 
the £H curve, 


and b — slope of that tangent. 


Both a and b are constant for a very wide range of 
H on the positive slope and for a limited range on the 
negative slope. As it is shown later that the errors of 
magnetic testing are greatly affected by the ratio £/a, 
the latter has been determined for various values of H 
for both the mild steel and the cobalt steel and has 
been plotted in Figs. 1 and 2. 


ICI 1-184 
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Let us now consider how the above expression can 
be applied to determine the influence of the ratio 
radial thickness 
mean diameter k 

(a) the relationship between the average flux density 
B, in the ring and the flux density B corresponding to 
the average magnetizing force (B, is not the same as 
B except in very narrow rings) ; 

(b) the relationship between the actual hysteresis loss 
in the ring and the hysteresis loss in the same volume 
of iron having a uniform flux density B, namely, the 
density corresponding to the average magnetizing force ; 

(c) the relationship between the true hysteresis coeffi- 
cient and that determined from test. 

It will be assumed in the following discussion that 
the ring is of rectangular section, this being the most 
suitable shape for ease and accuracy of production. 
Also it 1s more amenable to mathematical treatment 
than the circular section; and the error in a ring with 
circular section is smaller than that for the rectangular 
section, owing to the bulk of the material in the former 
being nearer the mean diameter. 


* Data for cobalt stcel are taken from Sanford and Cheney's '' Variation of 
Residual Induction and Coercive Force," Scientific Papers of the Bureau of 
Standards, No. 384, 1930, vol. 16, p. 291. 
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FLUX DENSITY. 


Consider a ring having a mean radius r cm, a radial 
thickness 2¢ cm and an axial width 1 cm, as in Fig. 3. 
The axial width has obviously no effect upon the distri- 
bution of flux in the ring. 

Using the symbols given above, we have 


H,[B, =a + bH; 


B ae MEN 

T a--bH, a(r-4 zx) + brH 
u H O B 
Él + aafér) 1+ axfér 


where £ = reluctivity at mean radius r. 
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RUE rid (Leder) 
^ 2t  2at l — at[ér 
flux density for H 
Hence ——————————————— 
average density from test 
| (B 2at (1) 
— B. — . — fA + atféry . * . . . 
ér log, G — wes) 
OL + §(atfér)? + d(a£n* + 3odér8 + 7 


Expression (2) is simpler than (1) when at/& is very 
small compared with unity. 

It is obvious from (2) that the flux density determined 
experimentally is always greater than the flux densitv 
corresponding to the average magnetizing force H, the 
error being greater the larger the ratio tfr and the 
smaller the ratio £/a. 
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Let k be the correction factor for the flux density, 


i6. B —kB, 
2 3at 
p? 1 + atfér 
ér log, s] 
1 


Kk 


By assuming various values of t/r and of &/a, the 
corresponding percentage errors and correction factors 
have been calculated, the percentage error being taken 
as 100(B, — B)/B. The values are given in Tables 2 
and 3 and are plotted in Figs. 4, 5, 6 and 7, Figs. 5 
and 7 being drawn to demonstrate the relatively large 
differences between B, and B when €/a falls below 2. 

In order to indicate how the difference between B, 
and B varies for various values of £/a, the above tables 
have been calculated for ratios of £[a as low as 0-2, 
though it should be pointed out that for the specimens 
referred to in Figs. 1 and 2 this ratio does not fall below 
about 0-45. 


— — N N 
© e o uo 


Percentage difference between 4, and B 
e 


The values obtained by Lloyd * are identical with 
those given in the above tables for /a = 1-0. From 
Figs. 1 and 2 it is obvious that, as long as we are working 
on that part of the BH curve for which the £H curve 
is straight and has a positive slope, the minimum value 
of éla is about 2 ; so that with a ratio of radial thickness 
to mean diameter of 4, the maximum error is limited 
to 1 per cent. 
Lloyd results in a larger error than if the values were 
left uncorrected. On the other hand, with low flux 
densities the error is much greater than that calculated 
by Lloyd; and from Fig. 5 it will be seen that the ratio 
of radial thickness to mean diameter must be reduced 
to about 1/15 in order to limit the error to about 1 per 

* Loc. cit. The values given by Lloyd were given as corrections of the 


magnetizing force; but, as he assumed constant permeability, they may 
alternatively be taken as corrections of the flux density. 


In fact, the correction suggested by | 


cent for a ratio of £/a as low as 0-4—a value that 
appears to be about the minimum met with in practice. 


0-998 


NN 


0:996 
: Ra 
ks. 
9 ; 
o 0:994 
z | 
Uí . 
2 
+ 0:992 
Y A 
$ 
[2 
o 
Q 


0:990 


0:988 


0-986 
0 


0-98 


0-96 
v. 
i 
[e] 
© 0-94 
G 
tam 
fs 
o 
E 
9 0-92 
= 
He 
o 
U 


0-90 


1-2 1-6 2:0 


e/a 


BiG: 7. 


Attention should be drawn to the fact that the above 
calculations are based on a constant slope of the £H 
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curve over the range of H for which any particular 
calculation is made. A reference to Figs. 1 and 2 will 
suffice to show that over the small range of H for which 
¿la varies between about 0-6 and 1-5, such an assump- 
tion is only justifiable for the smaller values of tfr. 
Calculations for t/r as high as 0-5 have been included 
for £[a within these limits, partly for purposes of com- 


in the hysteresis loss per unit volume is greatly in- 
fluenced by the ratio &/a. 

Suppose the hysteresis loss to be proportional to 
(flux density)". The exponent m is usually taken as 
1:6, though it may depart considerably from this value.* 

Let 7 = hysteresis coefficient, 

= hysteresis loss per unit volume per unit flux 


parison and partly because the values obtained by density per cycle. 
TABLE 2. 
B,—B 
Values of — x 100. 
B 
E/a 
t/r 
0-2 0-4 0-6 0-8 1:0 1:5 3 4 7 10 

0-5 — — — 17:3 9-85 3°96 2:16 0:53 0:17 0-08 
0-4 — — 20-8 9-85 5-90 2-47 1:37 0-33 0-11 0-05 
0:3 — 29:8 9-85 5-15 3:17 1:37 0:76 0-188 0-06 0-03 
0-2 — 9-85 3-96 2-16 1:37 0- 60 0-33 0-08 0-027 0-013 
0-1 9-85 2-16 0-94 0-53 0:33 0-15 0-08 0-02 0- 007 0-003 
0-05 2-16 0-63 0-23 0-13 0-08 0-037 0-02 0- 005 0- 002 0-001 

TABLE 3. 

Values of k. 

t/a 
tir 
0-2 0-4 0-6 0-8 1:0 1:5 2 4 7 10 

0-5 — — — 0:8523 | 0-9103 | 0-9619 | 0:9789 | 0-9947 | 0-9983 | 0-9992 
0-4 — — 0.8281 | 0-9103 | 0-9443 | 0-9759 | 0-9865 | 0.9967 | 0-9989 | 0-9995 
0-3 — 0-7705 | 0-9103 | 0-9513 | 0-9693 | 0-9865 | 0-9925 | 0.99812 | 0-9994 | 0-9997 
0-2 — 0.9103 | 0:9619 | 0-9789 | 0-9865 | 0-9940 | 0-990607 | 0.9992 | 0-99973 | 0-99987 
0-1 0-909103 | 0-9789 | 0.9907 | 0-9947 | 0-9967 | 0-9985 | 0-9992 | 0-9998 | 0-99993 | 0.99997 
0:05 | 0.9789 | 0.9947 | 0-9977 | 0-9987 | 0-9992 | 0-9996 | 0-9998 | 0-99995 | 0-99998 | 0-99999 


Lloyd were based on constant permeability, namely, 
£[a = 1. 


X 


HYSTERESIS Loss. 


Let us next examine how the total hysteresis loss in 
the ring compares with the loss in the same volume of 
material in which the flux density is uniform at the 
value corresponding to the average magnetizing force. 
It will be shown that, for a given magnetizing force at 
the mean diameter, the hysteresis loss per unit volume 
decreases as the ratio tfr is increased, so long as &/a is 
greater than about 1:3; whereas with values of &/a 
less than 1:3 the reverse effect takes place, ie. the 
hysteresis loss per unit volume then increases with 
increase of t[r. It will also be shown that the variation 


Then energy expended in elementary ring (Fig. 3) 
per cycle 


= 9Bz x 2n(r + zx)dz 


Let W, = total energy expended in ring per cycle, 


SWQ,e2m]|Brz(ro-xdx . . . (3 
-t 


If the flux density had been uniform at a value B 
corresponding to the average magnetizing force H, and 


* See C. E. WEBB: ''Power Losses in Magnetic Sheet Material." Joumal 
I.E.E., 1926, vol. 64, p. 409. Exponents of B as high as 4 were obtained ocn 
certain grades of silicon steel with flux density in the neighbourhood of 1$ tw 
lines per cm2, 
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if W were the corresponding energy expended per 
cycle, then 
W = 7B" x 2mr x 2t 


= 2mqB" x 2rt 
foe + x)dx 
Mido RC eee 
W 2rtB™ 


But it has been shown above on page 934 that 


B 
Ps — Y ajër 
Lee RR 
"B  1l-ax[ér 


actual hysteresis loss 
loss for uniform density B 


t 
-p-a (p tte 


Since avfér is less than unity for the cases considered, 
we obtain 


Hence 


vw 2x3 \ér 


4x 5 
4x6x6x7 


-3QG) G+ 


+ 


ér 


2x5 


From this expression it is a simple matter to calculate 
the ratio W,/W for given values of m, £[a and tfr. 
Table 4 gives the values of W,/W for different ratios of 
¿ja and of tfr on the assumption that m is 1:6. The 
differences between W and Wi, expressed as percentages 
of W, have been plotted in Figs. 8 and 9. 


m(m + D(a 4 (m+ 2) (m+ 3) 


(m + 1) (m + 2) 


It has already been pointed out that the exponent m 
may depart considerably from 1-6; and to demonstrate 
the effect of such a departure Table 5 has been calcu- 
lated showing the variation of W,/W for different 
values of m and of &/a for a ring having a ratio of radial 
thickness to mean diameter of }. The curious manner 
in which the difference between W and W,—expressed 
as a percentage of W—varies with m is to be seen more 
clearly from Figs. 10 and 11. 

These curves show that as long as we are working on 
the upper half of the flux-density range, i.e. where £/a 
is greater than, say, 1:3, the difference between the 
maximum differences of W, and W only increases from 
0-36 to 0-49 per cent when m is increased from 1-2 to 
2-8. With the lower range of flux density, however, 
the difference between W, and W increases very rapidly ; 
and for a value of £/a of, say, 0-5, the error increases 
from 4-2 to 26 per cent when m is increased from 1:2 
to 2-8. It therefore follows that a ratio of radial 
thickness to mean diameter of } is perfectly satis- 
factory for the higher range of flux density, but is far 
from satisfactory for the lower range. In fact, the 
ratio must be reduced to about y in order that the 
difference between W, and W may be limited to about 
l per cent when £/a is 0:4 (Fig. 9). In order to deter- 
mine the influence of m on the ratio W,/W for this value 
of t/r, Table 6 has been calculated for values of £/a 
from 2-0 downwards, and the corresponding percentage 


(E) 
ér 
(m + 2) (m + 3) nt mr Bay A 


Gy eripinerne m) 


Um comm 
2x4x6xX6x7x9 ( uS 


ér 


differences between W, and W have been plotted in 
Fig. 12. By comparing the latter with Fig. 11 it will 
be seen that the two sets of curves are almost identical 
in shape, showing that the effect of any variation of m 
is practically the same for rings having widely different 
ratios of tfr. 


TABLE 4. 


Values of W,/W for m = 1-6. 


gla 
tir 
0-2 0-4 0-6 0-8 1:0 1:3 1:6 2 4 7 10 
0-5 — — 1:56 1-143 1-0456 | 0- 9981 0-9856 |0-9748 | 0-9772 | 0.9844 | 0-9884 
0-4 — — 1:253 | 1-080 1-0280 | 0-99912 |0-9914 | 0-9844 | 00-9855 | 0-99005 | 0:9926 
0-3 — 1-496 |1:115 |1-0412 | 1-0151 | 0-99977 |0-9954 |0-9914 |0-9919 | 0:9944 | 00-9958 
0-2 — 1-1496 | 1-0451 | 1-0174 | 1-0066 | 0-99997 | 0-99805 | 0-9963 |0-9964 |0-9975 | 0-9981 
0-1 1:1843 | 1-0315 | 1-0106 | 1-0042 | 1-0016 | 0-999996 | 0-9995 | 0-99906 | 0-9991 |0-9994 | 0-9995 
0-05 1:0386 | 1-0076 | 1-0026 | 1-00105 | 1-0004 | 0-999998 | 0- 99988 | 0: 99977 | 0- 99978 | 0: 99985 | 0- 99988 
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In connection with the effect of m upon the difference 
between W, and W at low flux densities, it should be 
pointed out that except at very high flux densities the 
value of the hysteresis exponent * is smaller the lower 
the flux density ; and since the minimum value of &/a 
in practice appears to be about 0-4, we may conclude 


Percentage difference between W and W 


Percentage difference between W and W 


from Fig. 12 that the difference between W, and W at 
low flux densities may be limited to about 1 per cent 
by reducing t/r to 5!;. 

* C. E. Wess, loc. cit., p. 418. 


HUGHES: ERRORS IN THE MAGNETIC TESTING OF RING SPECIMENS. 


COMPARISON OF THE TRUE HYSTERESIS COEFFICIENT 7 
WITH THAT DETERMINED FROM TEST. 
The hysteresis loss is usually determined by one of 
the following methods :— 
(a) Measuring the electrical power supplied to the 
ring, using alternating current. 
(b) Plotting the BH loop and measuring the area. 


0-5 


e 
T 


£a 


Fic. 11. 


Method (a).—If the eddy-current loss be correctly 
estimated,* the difference between the total loss in the 


* C. E. WEBB, loc. cù., p. 418, for a description of a method of separating 
the eddy-current and hysteresis losses by varying the form-factor, the frequency 
and the maximum flux density being maintained constant. 
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ring and this eddy-current loss should give the actual 
hysteresis loss; also, the maximum flux density derived 


0-4 


| l [ 
— o © 
t2 Co es 


Percentage difference between W and W 
| 
e 


from test (e.g. by means of a synchronous commutator) 


namely Ba. If the hysteresis loss per cycle be stated in 
terms of B,, we can write 


W.-egB.oxEmx9 . 2 6 (4) 


where 7, = hysteresis loss per unit volume per unit 
flux density per cycle, as calculated from this expression. 
Equating (3) and (4), we have 


t 
271 | Bz (r + 2)dx = 9,Bg x 2ar x 2t 


—t 
t 
B.4^ 
»-sf e «2» 
7 9t B, T 
-t 
B 
But B, = — 
u a— 
Hysteresis coefficient based on average flux density 
True hysteresis coefficient 
t 
k" | /B,A" W 
DE. MU (=) (1 + =)de = km . (5) 
r W 
-t 
The values of k and W,/W for various values of &/a 
and of tfr have already been given in Tables 3 and 4; 
and the corresponding values of 74/7) are given in Table 7. 
Again it may be pointed out that the values suggested 
by Lloyd * for the ratio 


Actual loss 
Loss with uniform distribution of flux 
are precisely the same as those given in Table 7 for 


£[a = 1. The difference between 7 and Na, expressed 
as a percentage of 7, has been plotted in Fig. 13. 


is the average value over the cross-section of the ring, € Loc. cit. 
TABLE 65. 
Values of W,IW for t[r = 0-2. 
tla 
m 
0-4 0-6 0-8 1-0 1:3 | 1-5 2 4 7 10 
1:2 1-0841 1-0238 | 1-0078 1-0016 | 0:9981 0:9971 0:9964 0:9971 0-9981 0:9986 
1-6 1-1496 1-0451 | 1-0174 1-0066 | 0-99997 | 0-99805 | 0-9963 0-9964 0:9975 0-9981 
2-0 1-239 1:0738 | 1-0304 1:0137 | 1-0034 0- 9999 0: 9966 0:9958 0: 9970 0:9977 
2-4 1:357 1:1103 | 1:0478 1-0231 | 1:0076 1-0029 0-9975 0-9954 0- 9965 0-9973 
2-8 1-509 1-156 1-0690 1-0350 | 1-0133 1 -0066 0- 9989 0-9951 0- 99061 0-9970 
TABLE 6. 
Values of W,/W for tir = 0-05. 
ta 
Mmi 
0-2 0-4 0-6 0-8 1-0 1:5 2-0 
1:2 1:0235 1: 0044 1:0014 1: 00047 1-0001 0- 99982 0-99978 
1-6 1-0386 1:0076 1:0026 1-00105 1-0004 0- 99988 0- 99977 
2:0 1:0577 1-0116 1 -0042 1-0018 1- 0008 1: 00000 0:99979 
2-4 1-0818 1-0165 1-0061 1-0028 1-0014 1-00018 0-99985 
2-8 1-1083 1 : 0223 1-0085 1 -0040 1-0021 1:00041 0-99994 
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If the hysteresis coefficient had been calculated on 
the basis of the flux density at the mean diameter instead 
of upon the mean flux density, we should have had 
Wi =7,B™ x 2mr x 2. . . . (6) 

B=kB,, 


and Na = hysteresis coefficient determined in this way. 


where 
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namely, the values given in Table 4; and the differences 
between 7) and 7), expressed as percentages of 7, are 


represented by Figs. 8 and 9. A comparison of these 
figures with Fig. 13 shows that, for values of &/a greater 
than about 0-9, the error in the determination of the 
hysteresis coefficient is considerably reduced by calcu- 
lating the hysteresis loss on the basis of the flux density 


Fic. d 


Equating (3) and (6), we have 
t 
2d | B? (r + z)dz = nB” x 2ar x 2t 
-t 


at the mean diameter instead of upon the mean flux 
density. With values of &/a less than about 0-9, how- 
ever, the error involved with this method (see Fig. 9) 
increases rapidly, whereas that involved with the 
method based on the mean flux density reaches a 


Na Wy maximum when £/a is about 0-65, and then decreases 
1) W rapidly (see Fig. 13). 
TABLE 7. 
Values of Nain for m = 1-6. 
t/a 
tjr 
0-2 0:4 0-6 0-8 1:0 1:5 3 4 7 10 

0:5 E — — 0-8853 | 0-8992 | 0-9264 | 0.9426 | 0.9694 | 0.9818 | 0-9871 
0-4 = — 0.9279 | 0.9289 | 0-9375 | 0-9534 | 0-9640 | 0-9807 | 0-9884 | 0-9918 
0:3 ES 0.9872 | 0-9596 | 0-9612 | 0-9650 | 0-9740 | 0.9795 | 0-9887 | 0-9935 | 0-9953 
0-2 0-9888 | 0-9823 | 0-9828 | 0-9848 | 0-9886 | 0-9915 | 0-9952 | 0-9971 | 0-9979 
0-1 1.019 | 0-9965 | 0-9951 | 0-9956 | 0-9965 | 0:9972 | 0-9978 | 0-9988 | 0.9993 | 0-99945 
0-05 1:003 | 0-9986 | 0:9986 | 0-9988 | 0-9990 | 0-9993 | 0-9995 | 0-99976 | 0-99982 | 0-999836 
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Method (b).—The relationship already derived for the 
ratio B/B, can be applied to only a very small portion 
of the hysteresis loop. This is due to the fact that the 
curves for £H derived from the loop deviate considerably 
from the linear relationship, particularly at the points 
where the loop cuts the H axis, H/B being then infinite. 
In order to illustrate the effect upon the area of the 
loop of varying the ratio tfr, a typical hysteresis loop for 
a cobalt-chrome steel bar * has been analysed. One- 
half of this loop is shown in Fig. 14. If the flux density 
were uniform over the whole cross-section at a value 


Flux density (kilolines per cm?) 


Magnetizing force 
Fic. 14. 


corresponding to the magnetizing force at the mean 
diameter, the hysteresis loss per cm? per cycle would be 
given by 


l 
y X the area of the complete loop 
T 


In the actual ring, however, it is the mean flux density 
that is measured ballistically, and it is this quantity 
that is employed for plotting the loop. Let us now 
proceed to examine the difference between the areas of 


* Data taken trom “ A Magnetic Bridge for Testing Straight Specimens,” 
Proceedings of the Physical Society of London, 1924-5, vol. 37, p. 239, This 
specimen was relatively narrow and, with the particular arrangement employcd, 
the flux in the tested portion of the specimen was uniformly distributed ; hence 
the results thus obtained can justifiably be used for representing the relation- 
ship between the magnetizing force and the flux density at the mean diameter 
of the ring. 


loops plotted with B and B, respectively for various 
values of tfr. 

The distribution of flux density over the cross-section 
of the ring can be determined by taking a magnetizing 
force of, say, 200 at the mean diameter, calculating the 
corresponding values of H at a number of equidistant 
points in a radial direction, noting from Fig. 14 the 
respective values of B and thus finding the mean flux 
density over the whole section as already described on 
page 933. This calculation has been repeated for a 
number of different values of the magnetizing force at 
the mean diameter, for both the ascending and descend- 
ing portions of the loop. These calculations were made 
for values of t/r equal to 0-05, 0-1, 0-2 and 0:4. The 
average flux density thus derived for t/r — 0:4 is 
indicated by the dotted curves in Fig. 14; also the 
difference between B and B, for the various ratios of 
t[r have been plotted in Fig. 15. It is obvious that 
extreme accuracy is not possible with such a method, 
but the values obtained suffice to indicate the effect of 
varying the radial thickness of the ring. The difference 
between the area of the loop plotted with Bg and that 
plotted with B was obtained by drawing each of the 


-1 600 
0 400 600 


200 
Magnetizing force 
Fic. 16. 


curves in Fig. 16 to a large scale and measuring the 
respective net areas by a planimeter. In each case it 
was found that the area of the loop plotted with B, 
was slightly less than that with B, the figures for the 
particular cases considered being as recorded in Table 8. 

The value of ¿ja for the maximum flux density of 
the above loop is 3-9. For purposes of comparison, 


W — Wy N — "la B — B, 
—W ' 7 and B correspond 
ing to /a = 3:9 and to the various values of tfr have 
been added in Table 8. It will be seen that, since Wi 
is less than W, the reduced area of the loop due to 
working with B, instead of B is in the right direction. 
From the data available, however, it is impossible to 


the values of 
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express in general terms the percentage reduction of 
the loop area further than stating that the hysteresis 
loss derived from a loop plotted with B, is nearer the 
actual value than that plotted with the flux density 
corresponding to the average magnetizing force. 

Let us next examine how the hysteresis coefficient 1s 
affected. Let W, be the hysteresis loss per unit volume 
per unit flux density per cycle derived from the mean 
flux density, and let y, be the corresponding hysteresis 
coefficient, then 


W, =7,Ba X 27r x 2t 


But W = 7B™ x 27r x 2t 
= kmyB3 X 2mr x 2t 
te Wom 
2^ we oS cw ds ED 
nee W, area of loop plotted with B, 


W area of loop plotted with B 


a reference to Table 8 will show that for the case con- 
sidered W,/W is slightly greater than W,/W, so that 


the magnetic quality of the inner and outer skins of 
the specimen. The error due to such a strain is obviously 
reduced by increasing the ratio of the radial thickness 
to the mean diameter; for instance, Webb * found that 
annealing reduced the hysteresis loss by about 25 per 
cent for rings 1-5 cm wide, and by about 10 per cent 
for strips 7 cm wide, a difference that he attributes to 
the greater effect of cutting upon the rings. If the 
specimen be annealed to remove the strain, the magnetic 
quality of the material may be altered; so that for 
many purposes, such as acceptance tests, annealing of 
the specimen is not permissible. From the above dis- 
cussion, it follows that a ratio of radial thickness to 
mean diameter as high as } or even } can be adopted 
with advantage so long as the test is confined to the 
upper half of the flux-density range. For accuracy on 
the lower range, however, it is desirable to reduce the 
ratio to about ;',. 


CONCLUSIONS. 


(1) The average value of the flux density B, over the 
cross-section of a ring is always greater than the flux 


TABLE 8. 
Ratio of tfr 2x = 0-4 0-2 0-1 0-05 
Area with B — area with B, 
du c iue x d " : i ‘ -002 
Te x 100 0-37 0-31 0-07 0-00 
x x 100 1-46 0-365 0-09 0-029 
7) — "la. MT 
7 x 100 1-97 0-49 0:12 0-025 
B — B, . 
E x 100 — 0:35 — 0-09 — 0-02 — 0-005 


the difference between 7 and 7, is not quite so large as 
that between 7 and 7, [see expression (5) above], though, 
as far as it is possible to gather from the data available, 
the difference between 7, and 7, is very small. 

If 7, be the hysteresis coefficient when the loss 
derived from the experimental loop is expressed in 
terms of the flux density B at the mean diameter, then 


Wa = »,B" X 2r x 2t 


But W = 4B" x 2nr x 2t 
7S Ws 
na oboe d il 


From Table 8 and expressions (7) and (8), it follows 
that the percentage difference between 7 and 7, is 


much less than that between 7 and 7. In other words, 
the error in the determination of the hysteresis coeffi- 
cient by the ballistic method is greatly reduced by 
calculating the loss in terms of the flux density at the 
mean diameter instead of in terms of the mean flux 
density. 

Reduction of error due to mechanical strains.—It is 
well known that mechanical strains such as those pro- 
duced by punching, shearing or machining may alter 


density B due to the average magnetizing force, the 
difference being smaller— 


(a) the greater the ratio of the reluctivity to the 
intercept on the vertical axis of the tangent to 
the £H curve at the point under consideration, 
i.e. the greater the flux density ; and 

(b the smaller the ratio of the radial thickness to 
the mean diameter. 


(2) The difference between B, and B is limited to 
0:5 per cent with ¢/r as large as 0-5 when €/a is 4; but 
when €/a is 0-4, t/r has to be reduced to 0-05 if the 
same percentage difference is not to be exceeded. 

(3) The correction factor to be applied to B, to 
obtain B is given by 


2at l 
1 + at[£r 1 + d(aér)? + i(adérj! +... 
ér log, e = 2) 


The second expression is the simpler when at/£r is very 
small. 

(4) The correction factor suggested by Lloyd was 
based on constant permeability, namely £/a = 1. For 
the upper portion of the BH curve, &/a is greater than 

* Loc. ct., p. 426. 
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l, and the correction factor—especially for high flux 
densities—is much nearer unity than that calculated by 
Lloyd. For the lower portion of the BH curve, Efa is 
less than 1, and the correction factor decreases very 
rapidly. 

(5) For values of fa greater than about 1-3, i.e. for 
the upper range of flux density, the hysteresis loss per 
unit volume of the specimen is less than that correspond- 
ing to a uniform flux density B. The difference, how- 
ever, decreases as the ratio of radial thickness to mean 
diameter is reduced; and is a maximum when &/a is 
about 3 or 4. Further, the maximum difference is only 
slightly affected by the hysteresis exponent of B for 
values varying between 1-2 and 2:8, and is limited to 
0-5 per cent for a ratio of radial thickness to mean 
diameter of 4. For values of £/a less than about 1:3, 
i.e. for the lower range of flux density, the hysteresis 
_loss per unit volume increases very rapidly; and in 
order to limit to 1 per cent the difference between the 
hysteresis loss per unit volume of the specimen and 
that corresponding to a uniform flux density B, the 
ratio of radial thickness to mean diameter must be 
reduced to about y. 

(6) The effect of any variation of the hysteresis 
exponent m is practically the same for rings having 
widely different ratios of radial thickness to mean 
diameter. 

(7) The difference between the true hysteresis coeffi- 
cient, and that calculated from the actual loss and the 
mean flux density, decreases rapidly with increase of 
£[a ; and for the upper range of flux density it is less 
than 1 per cent for a ratio of radial thickness to mean 
diameter of }. For low flux densities, however, the 
difference reaches a maximum for £[a of about 0°65 
and then decreases rapidly, until it is zero for £[a of 
about 0-4. The maximum error can be kept within 
1 per cent by limiting the ratio of radial thickness to 
mean diameter to about }. 
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(8) For the higher range of flux density, the error in 
the determination of the hysteresis coefficient from the 
actual loss is reduced by using the flux density at the 
mean diameter rather than the mean flux density. At 
low densities, however, the error is increased. 

(9) The hysteresis loss deduced from the loop plotted 
with the average flux density as determined experi- 
mentally appears to be slightly less than that obtained 
from a loop plotted with the flux density corresponding 
to the average magnetizing force, but is very slightly 
greater than the actual hysteresis loss in the ring. 

(10) The hysteresis coefficient determined ballistically 
and on the basis of mean flux density appears to be a 
little nearer to the true hysteresis coefficient than that 
determined by alternating current. 

(11) The error in the determination of the hysteresis 
coefficient ballistically is considerably reduced by making 
use of the flux density at the mean diameter instead of 
the mean flux density. 

(12) When specimens are being tested on the upper 
half of the flux-density range, the ratio of radial thickness 
to mean diameter can, without incurring an appreciable 
error, be made far greater than is usually considered to 
be good practice. With a ratio of 4, the maximum 
errors of flux density and of hysteresis loss can be 
limited to about 1 per cent; whilst with a ratio of } 
they can be limited to about 0-5 per cent. Further, 
the increased ratio reduces the percentage error due to 
mechanical strains at the surfaces of the specimen. 
On the other hand, with the lower range of flux density 
the errors grow rapidly as the flux density is reduced ; 
and, in order to limit them to about 1 per cent, it is 
necessary to work with a ratio of radial thickness to 
mean diameter as low as about ,'. 


The author desires to express his thanks to the 
Principal and Governors of the Municipal Technical 
College, Brighton, for facilities to carry out the experi- 
mental work necessary for preparing Fig. 1. 
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THE HYDRO-ELECTRIC RESOURCES OF THE EMPIRE OVERSEAS.* 
By W. R. Cox, B.E., Associate Member. | 


(Paper received 2nd March, 1927.) 


SUMMARY. 


The paper first gives a brief outline of the general con- 
ditions required and the means adopted for making the fullest 
possible use of the power available. Then follows a general 
survey of the actual conditions existing in the various parts 
of the Empire. 

The benefits derived from the use of hydro-electric re- 
sources are pointed out, and finally the way in which the 
productive efficiency and the general standard of living of 
the community may be raised is indicated. 

Maps have not been included in the paper, as the repro- 
ductions would have to be on too small a scale to be of much 
value. Readers are therefore advised to follow the paper 
with any good, large-scale atlas which may be available. 


TABLE OF CONTENTS. 


(1) General conditions giving rise to hydro-power sites. 
(a) Volume of water, and head. 
(b) Storage. 
(c) Topographical conditions, and rainfall. 
(d) Tidal power. 
(2) Details of hydro-electric resources. 
Canada. 
Newfoundland. 
New Zealand. 
Australia. 
India and Ceylon. 
Burma. 
South Africa. 
(3) Suggestions for future development, and con- 
clusions. 


(1). GENERAL CoNpniTioNs GivING Risk To HYDRO- 
PowER SITES. 


The conditions which favour hydro-electric develop- 
ment are discussed broadly and the different lines along 
which development has taken place, and is likely to 
take place in the near future, are pointed out, before 
discussing more fully to what extent these various 
conditions are realized in the individual sections of the 
Empire Overseas. 

(a) Volume of water, and head. —The amount of 
power available at any site at any given time is pro- 
portional to the product of the avilable head and the 
volume of water flowing. Assuming an average plant 
efficiency of 80 per cent it can easily be determined 
that 15 ''cusec-feet " are equivalent to 1 kW, where 
the unit ''cusec-foot " is the power given by a cubic 
foot of water per second falling through 1 ft. This is a 
useful all-round figure which will be sufficiently accurate 
for the purposes of this paper. From the nature of the 


* This paper was awarded the Coopers Hill War Memorial Prize and 
Medal for 1926. 


unit ''cusec-foot " it will be seen that, ignoring 
practical considerations, a small quantity of water at 
a high head and a large quantity of water at a pro- 
portionally low head will be equally effective for the 
production of power. 

Practical considerations, however, modify the above 
to some extent, especially when very low heads are 
concerned. First of all, for a country to have water- 
power resources it is not only necessary that it should 
possess rivers but there must be, at intervals along 
these rivers, natural falls greatly in excess of that 
necessary for a sluggish run-off. The lower limit of 
net head which can be utilized for the production of 
power on a large scale is from 3 to 5 ft. This means 
that the river gradient must be great enough to allow 
a canal of reasonable length and suitable gradient to be 
built and at the same time enable a head of at least 
3 ft. to be obtained, between the canal water-level 
and the natural river-level. 

Turning now to the upper limit of head that can be 
fully employed for the production of hydro-power, we 
find actual instances of plants working on heads of over 
3000 ft. in one stage. Also it is not uncommon to 
have plants in tandem, the tail water of the higher 
station being used as the head water for the lower 
station. It may therefore be safely assumed that if 
topographical conditions are suitable, practical con- 
siderations do not prevent full use being made of the 
highest available heads. 

As the construction of plants varies somewhat with 
the available head it will be convenient to divide them 
into the following sections :— 


(i) Low-head plants, using heads from 3 ft. to 100 ft. 
(ii) Medium-head plants, using heads from 100 ft. to 
800 ft. 
(iii) High-head plants, using heads above 800 ft. 


Generally speaking, under section (i) pipe lines are 
either not required or else are in the form of short, 
steep tunnels; and invariably reaction turbines of the 
Francis type, or one of its various modifications, will be 
employed as the prime mover. These turbines may be 
completely submerged below the level of the tail race, 
as is necessarily the case with very low heads, or thev 
may be located somewhat above the taul-race level, 
using part of the head as pressure and the remainder 
as suction, by means of a draught tube. The turbines 
will in general be of the vertical-shaft pattern, but when 
the head exceeds about 20 ft. the horizontal arrange- 
ment will sometimes be employed. 

For projects of any size under this section enormous 
quantities of water are required, and sites for such 
schemes will usually be found along the course of large 
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rivers, To obtain the necessary head an open canal 
is frequently employed to lead the water round rapids 
or low waterfalls occurring in a large river. Other 
cases arise where the damming of a gorge will produce 
an artificial lake and give an available head of water 
between the lake-level and the level of the old river 
bed. In such cases the power house is generally built 
into the wall of the dam to form part of it. 

To keep the capital cost down to a reasonable value 
in all such cases, the large quantities of water to be 
dealt with make it necessary to choose a site where the 
water is not carried very far in the headworks. 

(ii) The higher the head the less water there is to be 
handled per kWh produced, and consequently with 
medium heads it is frequently a commercial proposition 
to bring the water some distance by canal, wood stave 
pipe or tunnel to a forebay reservoir, the position of 
which is so chosen that the pressure pipes have a com- 
paratively short and steep run to the power house. 

It is to be noted that when the plant is idle, the 
water-level in the forebay will be the same as that at 
the intake, but when the station is running there 
is a loss of head between the intake and forebay, due 
to the friction in the tunnel, canals, etc., between these 
two points. It is the actual net head in the forebay 
that is effective in the production of mechanical energy. 
The turbines for medium-head plants are usually of the 
reaction type, modified for the higher heads and the 
greater velocity of the water. They may still be of 
the vertical or horizontal type but are invariably 
installed above the tail-race level and are provided with 
a draught tube dipping into the tail race, to use 
the final few feet of head and to make sure that the 
turbine casing is kept full of water, an essential condition 
to obtain the highest efficiency from reaction turbines. 

(ii) The general construction of high-head plants is 
very similar to that of the medium-head plants except 
that impulse-type turbines such as Pelton wheels are 
used for the prime mover. Since, moreover, the quantity 
of water required per kWh is small it is often economically 
possible to carry it for many miles in aqueducts, canals, 
or tunnels between the intake and the forebay reservoir. 

(b) Storage.—All rivers are to a greater or less extent 
subject to floods and to periods when the flow is below 
the average. Also the demand for electrical energy has 
diurnal variations which are generally great, as is 
indicated by the prevalence of such load factors as 
30 per cent and 40 per cent. There are also seasonal 
variations of load which are somewhat less marked but 
of considerable magnitude where the load is largely a 
domestic one. Now if a plant is to be installed without 
any storage, the minimum flow must be large enough 
to deal with the largest peak load that will be likely to 
occur. At all other times water will be going to waste 
over the spillway. By storing as much of this water 
as possible in natural or artificial lakes and drawing on 
this reserve when necessary, a very much greater and 
more flexible supply of energy can be obtained. 

In this connection it must be remembered that the 
number of cub. ft. usefully stored per year is a function 
of the kWh output per year and not of the kW capacity. 
To make this statement quite clear, the hypothetical 
case may be taken of a station with a 500-ft. head the 


VoL. 65. 


load of which is 1000 kW at 100 per cent load factor, 
and it will be assumed that this power is derived from 
a lake which is filled instantaneously once a day. Using 
the relationship stated above, a flow of 15 cusec-ft. is 
required to generate 1 kW and the flow in this case will be 


15 x 1000 
500 


= 30 cusecs 


the reservoir being large enough to support this flow for 
24 hours. Now a reservoir of this capacity will obviously 
support a flow of 60 cusecs for 12 hours, and on a plant 
with a 500-ft. head this represents a load of 


60 x 500 
15 


It should be noted that the output is the same in 
both cases, viz. 24000 kWh. The possibility is thus 
indicated of making more use of a given amount of 
storage on a poor load factor than on a good one. This 
is certainly some compensation for the low load factors 
which are inevitable on most plants; but it must be 
remembered that in all cases a high load factor is an 
advantage. 

In general, water is flowing into the system all the 
time and the use of storage is not to provide continuous 
power but to raise the total kWh obtainable from a 
given site until the average output from the station 
is as nearly as possible equivalent to the average flow 
in the river. The extent to which storage is advisable 
on any particular site is of course obtained by comparing 
the charges on additional capital outlay with the ex- 
pected return from the additional energy which can be 
supplied to the distribution system. 

By virtue of the regulating properties of natural lakes, 
rivers issuing from them have a much more even flow 
than those fed directly from tributaries and mountain 
torrents, and the natural storage so produced is very 
beneficial to any hydro-electric schemes on such rivers. 
In many cases conditions can be greatly improved by 
building a comparatively inexpensive dam across the 
outlet from the lake. By arranging for regulation to 
operate between normal high level and normal low level, 
no flooding of the surrounding country will take place, 
so that compensation for the destruction of vested 
interests on the shores of the lake will not come into the 
problem. More complete regulation may, however, be 
advisable which will entail the raising of the lake-level 
at certain times. The question of compensation will 
then have to be considered and this may be a very large 
item if the country is thickly populated. Where 
natural lakes are not available, artificial lakes have to 
be provided and a very much more complicated problem 
presents itself to the engineer. Questions of run-off from 
the catchment area and losses from percolation and evap- 
oration have to be looked into very carefully, in order 
to build the most economical headworks to accomplish 
the endin view. Itis to be noted that any storage scheme 
not only benefits all power schemes installed below it but 
frequently lessens or prevents the periodical damage 
caused by floods to property in general. 

Although storage is generally out of the question for 
low-head plants except to compensate for fluctuations 


60 


= 2000 kW 
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of load over comparatively short periods, it is a most 
important consideration for those having medium and 
high heads, and the wide adoption of storage schemes 
is largely responsible for the great progress that is being 
made in the development of hydro-electric power supply 
all over the world. 

(c) Topographical conditions, and rainfall.—In order 
to provide the necessary fall along the courses of rivers 
to make conditions favourable for hydro-electric develop- 
ment, high country is essential. The most favourable 
conditions are presented where large portions of the 
interior constitute a plateau which falls rapidly to the 
coast or to tracts of lower country. If this plateau 
forms extensive catchment areas, large rivers will be 
found and consequently comparatively small falls will 
make large blocks of power available. If, on the other 
hand, the catchment areas are comparatively small, 
medium- or high-head plants will be required and for 
these a rapid fall is necessary. A range of high mountains 
usually provides many sites for such plants, and lakes 
at a high level always form natural storage systems 
which can frequently be greatly improved at small 
expense. | 

Besides providing the necessary heads for power sites, 
mountains tend to concentrate the precipitation of rain 
in their vicinity, which is of course equally essential 
for the production of water power. 

The ideal condition of rainfall would be heavy, 
frequent showers all the year round, and these conditions 
are most nearly reached in temperate regions. In 
tropical climates the annual rainfall may be high, but 
in general nearly all this rain falls in about three months 
of the year, the remainder of the year being quite devoid 
of rainfall. In such a climate storage schemes have 
to be very extensive, and it is only where heads are high 
and storage conditions favourable, that hydro-electric 
schemes become practicable. 

In cold climates, such as those met with in Canada, 
the total precipitation is fairly well distributed through- 
out the year, but the run-off during the winter when 
the whole country is frozen is very small, and storage 
on a fairly large scale is therefore necessary. Under 
such conditions difficulties are experienced with ice. 
Means have, however, been devised which enable these 
difficulties to be overcome at a small capital outlay, 
and it is now uncommon for plants to be shut down 
for this cause. 

(d) Tidal power.—A form of hydro-electric power 
which deserves mention but which at present is little 
more than an interesting problem is that obtainable 
by harnessing the tides and from the action of the waves 
of the sea. There is enormous potential power in the 
tides but to make use of 1t two major difficulties require 
to be overcome, viz.— 


(i) The forces to be dealt with are very great and 
the movement caused by these forces is very 
slow. 

(ii) The rate of ebb and flow of the tide is not uniform 
but approximately follows a sine law; further, 
the tide cycle does not coincide with the period 
of one day, nor is it a convenient fraction of 
that time. 


With regard to problem (i) it may be said that 
machinery in common use to-day has a relatively quick 
motion and as yet no very satisfactory means of gearing 
up the tidal motion to suit, say, electric generators of 
standard design has been devised. In general the 
conversion losses of such gearing are excessive. 

With regard to (ii), two methods suggest themselves, 
viz. to store power during periods of maximum output 
to carry the scheme over the periods of no production ; 
or to alter the daily habits of prospective users of power, 
so that peak loads occur when production is a maximum, 
and, conversely, periods of rest are arranged for when 
production is nil. 

The latter scheme might have been possible if the 
tidal cycle agreed with the period of a day or was some 
convenient multiple of that period. This is, however, 
not the case, and such a scheme would be viewed with 
great disfavour by everybody (except perhaps the power 
company) and need not be considered. The former 
scheme is more feasible, but as we have at present no 
cheap means of storing electrical energy in bulk, some 
other form of energy would have to be stored which 
would mean at least doubling all plant. The extra 
capital cost, when added to the already high normal 
expenses, at present makes such schemes commercially 
impracticable. 

Continents in general present thousands of miles of 
coast line at right angles to the tidal wave, which con- 
tinually travels in a westerly direction round the 
earth, giving rise to exceptionally high tides on their 
eastern and western coasts. This process is accentuated 
where these coasts are deeply indented, and in such 
places tides as high as 60 and 70 ft. are experienced. 
These localities give the most favourable conditions 
for the utilization of tidal power, and probably the best 
known of these sites is the Severn Estuary on the 
west coast of England. Similar sites occur on the 
Canadian coasts, but these are practically the only 
examples of exceptionally high tides in the British 
Empire. 

From the above it will be seen that this form of 
hydro-electric power is at present of little commercial 
value to the Empire. However, the discovery of new 
methods for the production or storage of electrical 
energy may, at any time in the future, render these 
very large resources available for commercial develop- 
ment. 


(2). DETAILS or HypRo-ELECTRIC RESOURCES. 


The Empire overseas is very widely distributed, and 
the climate and topographical conditions in different 
parts vary so greatly that nearly all the problems met 
with in this industry have to be solved in one or more 
of its component parts. 


CANADA. 


Canada, with an area of 3610257 square miles, is 
for the most part very well endowed with water-power 
resources, which are being developed more rapidly at 
the present time than are those in any other part of the 
Empire. The more populated regions have been well 
surveyed and it is estimated that in the whole Dominion 


COX: THE HYDRO-ELECTRIC RESOURCES OF THE EMPIRE OVERSEAS. 


18 255 000 h.p. is available from hydro-electric resources, 
on the basis of minimum flow, and 32 000 000 h.p. is 
available for six months of the year. When the develop- 
ment nears completion the former figure will be raised 
considerably by the use of storage. In so enormous an 
area there is naturally a diversity of climatic and 
topographical conditions, and before considering the 
resources of the different hydraulic systems separately 
several characterictics of the country generally are to 
be noted. 

The precipitation (including snow) in all districts is 
fairly evenly distributed throughout the year; but as 
nearly the whole of Canada lies to the north of latitude 
48 N. the winter is severe and the ground is continually 
frozen for some months in each year, usually from 
December to March. During the winter, therefore, 
the run-off is small and when the snow melts in the spring 
the rivers are subject to heavy floods. This variation 
in flow makes storage systems a necessity in connection 
with the full development of all hydro-electric schemes. 
In the summer the climate is warm and, as is nearly 
always the case in continents, these climatic changes 
occur at well-defined dates. 

At the present time the greater part of the population 
js distributed over the more temperate southern regions, 
and it is here that the greatest development has taken 
place in the utilization of hydro-electric power. In 
these districts also there are more complete surveys of 
hydro-electric resources. 

British Columbia.—British Columbia is bounded on 
the west by the Pacific Ocean, and on the east by the 
Rocky Mountains. The latter run nearly parallel with 
the coast and rise to over 10 000 ft. above sea-level at 
their summit, which is roughly 300 miles inland. They 
cause heavy precipation on their western slopes, the 
annual rainfall being about 75 inches, which, together 
with the mountainous nature of the country, provides 
many potential sources of power. 

In general the plants, when installed, are of medium 
or high head. The total estimated power available in 
the Province is about 5.000 000 h.p. of which only 
600 000 h.p. is at present developed. 

The largest power users in British Columbia are the 
lumber mills, but at present the majority of these 
concerns manufacture their own power from steam. 
Unlike the wood-pulp mills, the lumber concerns produce, 
as waste products, large quantities of sawdust, slabs 
and edgings, which can be used to raise steam in 
sufficient quantities to supply their own needs. . Since 
this fuel is not only cheap but is also waste material 
and has to be disposed of, hydro-electric power is not 
likely to be used until a market for slabs and edges is 
found which will more than cover the power bill. 

. On the other hand there are the wood-pulp indusiy: 
the mining industry, the railways and general industries, 
all of which consume large amounts of power. To meet 
this demand a number of large hydro-electric power 
stations have been built. Of these the most important 
are the Lake Buntzen stations owned by the Vancouver 
Power Co., Ltd., and the Western Power Co. of Canada, 
the Stave Falls (70 000 h.p. owned by the British 
Columbia Railways, and the Lower Bommington Falls 
60000 h.p.) on the Kootenay River owned by the 
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West Kootenay Light and Power Co., aH of which are 
situated near Vancouver. There are also a number of 
smaller sites further north which have been developed . 
to supply the local needs of mines and pulp mills. 

The demand for hydro-electric power is rising rapidly 
in the vicinity of Vancouver, and it is in this district 


.that the greatest developments are to be expected in 


the near future, although sources further north will be 
utilized as the population and industrial activities in 
these districts increase. 

A lberta.—On the eastern side of the Rockies the land 
falls more gradually to the vast prairie lands of Alberta, 
Saskatchewan and Manitoba. The westerly winds are 
drained of their moisture in their passage across the 
mountains, and there is thus a comparatively low 
rainfall (about 20 inches) in the central Provinces. 
Consequently these districts are not well provided with 
water-power resources. 

In the south-west corner of Alberta there are a 
number of comparatively small sites, near Banff and 
Calgary, with a total capacity of about 80 000 h.p., 
several of which have been developed. Further north 
on the Athabaska River there is a site of about 200 000 
h:p. capacity and several smaller ones. Still further 
north on the borders of Alberta and the North-Western 
Territories, situated on the Slave River there are two 
sites capable of developing a total of 400 000 h.p. 
between them. Owing to the thinly populated nature 
of this district there is at present little demand for 
hydro-electric power, and the last-mentioned sites are 
not yet developed. 

Saskatchewan and Manitoba.—The Provinces of 
Saskatchewan and Manitoba in the centre of the 
Continent make up the greater portion of the prairie 
lands of Canada. In these districts the annual rainfall 
is between 20 and 30 inches, and the land slopes gradually 
from the south-west towards Hudson Bay in the north- 
east. Although this fall is very gradual, there are a 
number of lakes at an elevation of from 1 000 to 3 000 
ft., feeding large rivers which flow into Hudson Bay. 
The most important of these are the Churchill and 
Nelson Rivers, which provide a number of sites suitable 
for medium- to low-head stations; the total power 
available from these sources is about 500000 h.p. 
The comparatively small population of the Prairies is 
widely distributed and the people are mainly engaged 
in farming huge tracts of country. Although rural 
distribution of electric power is developing rapidly in 
many parts of Canada, to supply such an area with 
power for agricultural purposes would be very costly 
and is at the present time not economical, so that the 
water-power resources mentioned above will in all 
probability remain undeveloped for some years. 

The neighbourhood of Winnipeg is more thickly 
populated, and the existing resources on English River, 
totalling about 500 000 h.p., have been partially 
developed by the Municipality of Winnipeg. and the 
Manitoba Power Co., both of which have adopted an 
active policy to meet the ever-increasing demands. 

Yukon and the North-Western Territories.—The country 
to the north of latitude 60? is at present divided into 
two parts, the small Province of Yukon in the west, 
famous for its gold deposits, and the huge area known 
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as the North-Western Territories, stretching from the 
Rocky Mountains to Hudson Bay. 

The northern extremity of the Rocky Mountains is 
in Yukon and the greater part of the Province is at a 
very high altitude, with a rapid drop to the sea coast 
on the west. The climate is extremely cold and, 
generally speaking, the country is not well suited for 
the development of water power. However, during the 
boom in Yukon which followed the discovery of rich 
deposits of gold in this district, a number of hydro- 
electric stations were built to supply power to the gold 
mines, stamp mills, etc. These schemes were among 
the earliest in Canada, but although several more sites 
have been surveyed the development in the goldfields 
has to a large extent fallen off, and practically nothing 
has been done of late years towards the further use of 
hydro-electricity. 

The North-West Territories are a northern extension 
of the prairie lands of Alberta, Saskatchewan and 
Manitoba, with a gradual fall from west to east. For 
the most part this district is uninhabited, and surveys 
and records are very few. It is thus not possible to 
state with any accuracy the power available from its 
hydro-electric resources. In addition, the severity of 
the winter seriously handicaps hydro-electric develop- 
ment. So far several possible sites have been located, 
the largest being at the outlet from the Great Slave 
Lake on the Lockhart River, where it is estimated that 
75 000 h.p. is available. 

Ontario and Quebec.—The province of Ontario and 
that portion of Quebec lying to the north of the St. 
Lawrence River will be considered together, as they 
form parts of the same hydraulic system. In this 
district the rainfall is roughly 40 inches per annum, and 
a belt of elevated land about 3000 ft. above sea-level 
runs east and west along the northern side of the Great 
Lakes and the St. Lawrence, forming a watershed which 
drains into James Bay and Hudson Bay to the north, 
while the southern and steeper slopes drain into the 
Great Lakes and the St. Lawrence. 

In Ontario the two principal rivers flowing to the 
north from this watershed are the Mattagami and 
Abitibi Rivers, both of which provide many available 
sites for power stations. A number of these sites have 
been developed in the upper reaches of both rivers, 
but the larger sites towards James Bay are as yet 
practically untouched. The most important rivers in 
Quebec flowing to the north of this watershed are the 
Harricamaw, Nottaway, Rupert, Eastmain and Great 
Whale, which flow into James Bay and Hudson Bay, 
while the Kaniapiskau and Hamilton Rivers flow into 
Ungava Bay and the Atlantic respectively. The 
northern district of Quebec is largely uninhabited, and 
as accurate Statistics of rainfall and river flow are not 
available it is impossible to estimate the ultimate 
possible hydro-electric development with any degree of 
accuracy. 

On the southern side of this great watershed there 
are a large number of small streams draining into the 
Great Lakes and the St. Lawrence, on many of which 
there are numerous sites for small power stations 
ranging from 500 to 10000 h.p., about half of which 
are already developed. 


Besides these small sites there are a number of large 
sites ranging up to 6 000 000 h.p. which occurs at the 
Niagara Falls, but half of this power is to be controlled 
by the United States. 

Near Fort William in Ontario there is about 50 000 h.p. 
available in several sites, half of which are already 
developed. A little further east is situated Lake 
Nipigon, which drains into Lake Superior. The recently 
constructed dam at Virgin Falls provides for the complete 
regulation of the flow from Lake Nipigon, and the 
75 000 h.p. available on the Nipigon River is now fully 
developed. 

As before mentioned, the Niagara Falls provide the 
largest single power site in Canada. Up to the present 
only 500 000 h.p. out of the total 3 000 000 h.p. allotted 
to the Dominion has been utilized. 

The enormous volume of the St. Lawrence provides 
numerous sites for low-head plants at intervals along 
its course. The most important of these is Long Sault 
in Ontario, where 1500000 h.p. is available; but 
again in this case the site is on the boundary between 
Canada and the United States, and half of the power 
is to be developed by the latter. Further down the 
river in the province of Quebec there are two further 
power sites with an aggregate capacity of 2 500 000 h.p., 
of which only about 250000 h.p. has been developed. 
At present a comprehensive scheme for the harnessing 
of these resources is being studied, and until some 
definite policy has been worked out, the development 
of these important schemes will not be proceeded with 
on a large scale. 

In Quebec a number of the tributaries of the St. 
Lawrence are themselves very large rivers on which 
there are many available hydro-electric sites. The most 
important of these rivers are given in Table 1. 


TABLE 1l. 
River Ultimate capacity Present development 
h.p. h.p. 
Ottawa .. 1 200 000 100 000 
St. Maurice 1 150 000 547 000 
Saguenay 1 100 000 360 000 


South of the St. Lawrence from the Great Lakes to 
the Gaspe Peninsula, a range of mountains between 
2 000 and 3 000 ft. high provides a watershed between 
Quebec, the United States and New Brunswick. The 
moderately steep northern slopes of these mountains 
provide many sources of power, a large proportion of 
which are already developed. 

The Maritime Provinces.—The general trend of the 
country in New Brunswick is to the south-east, from 
mountains about 3 000 ft. high; and although the 
rivers are generally small compared with other parts of 
Canada, very considerable power in small sites has been 
developed. The adjoining province of Nova Scotia, à 
large peninsula running parallel to the coast, is ridged 
up into a substantial mountain chain, which provides 
many sites for comparatively small stations. Prince 
Edward's Island, which is also included in the Maritime 
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Provinces, possesses a number of small water-power 
sites the majority of which are fully developed. 

It will be seen from Table 2 that development in the 
three provinces above mentioned is more complete than 
in any other part of Canada, but in all cases further 
development is still possible by making greater use of 
storage systems. 

TABLE 2. 


Power 


, Power available on Power 
minimum gow | ordinary fow | developed 
h.p. h.p. h.p. 
New Brunswick 50 500 120 800 44 631 
Nova Scotia 20 800 128 300 65 300 
Prince Edward 
Island .. 3 000 5 270 2 300 


Quebec and Ontario are the two provinces in Canada 
which are best provided with hydro-electric resources, 
and in both cases development is proceeding at a 
remarkable rate. The total available power in Ontario 
is estimated at 7 000 000 h.p., and of this some 2 000 000 
h.p. is already developed. 

In Quebec the available power on an average 6 months’ 
flow is estimated at 12000000 h.p., of which about 
6 000 000 h.p. is within transmission distance (150 miles) 
of the present industrial centres, so that even without 
further progress in methods of transmission there will 
be power available for all requirements for many years 
to come. At present about 1 500 000 h.p. is developed, 
and this will probably be increased by a further 4 500 000 
h.p. within the next 20 years. 

The rapid growth of the paper pulp and electro- 
chemical industries is to a large extent responsible for 
the development of the hydro-electric industry in 
Quebec and Ontario. In addition, the cities of Quebec 
and Montreal are both large industrial centres, and the 
use of electricity in all industries and for domestic 
purposes is rapidly extending. 


NEWFOUNDLAND. 


The island of Newfoundland, the area of which is 
about 47 000 sq. miles, lies to the east of Canada in 
the Gulf of St. Lawrence, with an approximate latitude 
of 48? N. A strong, cold ocean current flows from the 
. Arctic down the east coast of Canada, so that the 
insular position of Newfoundland does not render its 
climate more temperate than that of the mainland. 
The rainfall is about 60 inches per annum and, as in 
Canada, the run-off is small during the winter when the 
whole country is frozen, floods occurring in the spring 
when the thaw sets in. 

Newfoundland is well provided with mountains ; 
large tracts in the south are at an elevation of over 
3000 ft., many lakes being found in the elevated 
districts. The fall to the sea in the south is very rapid, 
the bulk of the run-off being in the northerly direction. 
There are a number of sites suitable for power develop- 
ment, and the available lakes form good basins for the 
necessary storage. 
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One of the largest and latest of the hydro-electric 
developments is that known as the Humberarm Hydro- 
Electric Scheme, built by the Newfoundland Paper and 
Power Co., Ltd. This scheme works on a head of 250 ft., 
and by means of a very extensive storage system a con- 
stant flow of 4000 cusecs is maintained, which enables 
90 000 h.p. to be generated on a 100 per cent load factor. 
Water is drawn from the Great Lake at an elevation 
of 375 ft. above sea-level and, after being carried some 
distance in canals, is discharged through the turbines 
into Deer Lake, the mean water-level of which is 115 ft. 
above the sea. The natural discharge from the Great 
Lake varies greatly, the average being 5 000 cusecs and 
the maximum in the neighbourhood of 30000 cusecs. 
To provide the constant flow of 4000 cusecs required 
for this scheme, a storage of 30000 million cub. ft. is 
provided. The Humberarm Scheme was developed in 
conjunction with paper pulp-mills, and these mills are 
the principal consumers. 

The general use of electrical power is rapidly increasing 
in Newfoundland, but, as in Quebec, the paper pulp 
industry is largely responsible for the rapid electrical 
development that is taking place in this country. 


NEw ZEALAND. 


New Zealand consists of two main islands situated 
in the South Pacific Ocean between the latitudes of 
34° 30’ and 46° 30’ south. For a country of only 
104 750 sq. miles New Zealand is remarkably well 
endowed with available water power, the total surveyed 
power being about 4000000 h.p. (continuous rating). 
The two islands lie approximately north and south, and 
are together a little over 1000 miles long with an 
average width of only 100 miles. The abundant supply 
of water power may be attributed, in the first place, 
to well-distributed mountain systems, and secondly to 
a temperate climate, with a good rainfall evenly dis- 
tributed throughout the year. 

In the centre of the North Island there is a short 
range of volcanic mountains about 8000 ft. high, 
surrounded by a considerable area of country at an 
elevation of about 2000 ft., while along the Eastern 
coast there is a further range rising in many parts to 
6000 ft. Flanking the whole of the western side of 
the South Island there is a range of very high mountains, 
the Southern Alps, with peaks as high as 10000 and 
12 000 ft. 

The rainfall varies considerably in different parts of 
the country, being as high as 150 inches a year on the 
western side of the Southern Alps and falling as low 
as 20 inches in the plains of Central Otago. In all 
places it is well distributed throughout the year, so 
that, in general, storage on a moderate scale only is 
needed, and this amount is easily obtained in the 
mountains of the South Island by means of the many 
lakes situated at high altitudes. 

From the days of the very early settlers, attention 
has been directed to the development of water power. 
One of the first large-scale developments was that at 
Lake Coleridge. The catchment area for this lake is 
small, but it has been increased by the diversion of 
several rivers. Further extensions of this nature are 


950 COX: THE HYDRO-ELECTRIC RESOURCES OF THE EMPIRE OVERSEAS. 


SS i ee m 


possible, which will bring the available power up to 
58 000 h.p. 

The largest power sites in the South Island are situated 
in the southern ee of the island, the most important 
of which are : 


Lake Manapouri 420 000 h.p. 
Lake Wakatipu 500 000 h.p. 
Lake Te Anau - 750 000 h.p. 
Lake Hauroto 100 000 h.p. 
Lake Tekapo 400 000 h.p. 
Lake Ohau .. 250 000 h.p. 


North of this region there are a number of large 
rivers, flowing from the mountains across the Canter- 
bury Plains to the east, which are liable to very great 
variations of flow and would need considerable storage 
if development were to be efficiently carried out. 
Reservoirs can in many cases be provided by damming 
the narrow gorges where the rivers emerge from the 
mountains; but the large amounts of shingle carried 
down by these rivers in times of flood would reduce 
the capacity somewhat rapidly. In the case of the 
larger rivers, however, development on these lines, using 
only the minimum flow and not relying to any extent 
on storage, is a commercial proposition. One such 
scheme is at present under consideration on the 
Waimakariri River. 

The western slopes of the Southern Alps are steeper 
than the eastern, and lakes situated at high altitudes 
are not common ; there are, however, a number of sites 
where small quantities of power are available, and in 
several instances these have already been developed. 

The North Island is not so well endowed with water 
power as the South Island ; but there are several large 
sites which will be sufficient to supply the needs of the 
community for many years to come. 

The largest river that is available for water power 
is the Waikato, a river having a minimum flow of 
5 000 cusecs and an average flow of 8 000 cusecs. It 
is the longest river in New Zealand, and flows from 
Lake Taupo, a large lake situated in the centre of the 
North Island and about 1200 ft. above sea-level. 
Within the first 100 miles of its course are situated a 
number of sites capable of developing an aggregate of 
some 300 000 h.p. 

The Waikato emerges from the lake over a series of 
rapids confined in a shallow gorge. The uppermost 
scheme on this river entails the building of a dam, 
which will bank the water back to the lake itself, thus 
providing vety valuable storage for this scheme and 
also for other schemes lower down the river. The next 
largest scheme on this river is the Arapuni Scheme, 
which is at present being developed. In this case a 
head of about 180 ft. is being obtained by means of 
a dam across the Arapuni Gorge, thus making 120 000 h.p. 
available. At a number of other points along the 
Waikato there are sites suitable for the development 
of low-head plants, the output of which will vary from 
10 000 to 20 000 h.p. each, according to the nead that 
can be utilized in the various cases. 

The second large source of water power in the North 
Island is to be found about 150 miles north-east of 
Lake Taupo on the Waikaretaheki River, fed from 


Lake Waikaremoana. In this case the natural storage 
provided by the lake cannot readily be improved by 
artificial means, as the lake possesses the unusual 
feature of having no visible outlet. Instead, the water 
drains from the lake through numerous underground 
fissures and collects in the valley below as the Waikare- 
taheki River. The fall from the lake along the river 
is very great, amounting to some 1 420 ft. in 4 miles. 
Since the many streams which make up the river do 
not combine until a great deal of this head is lost, the 
most economical development is obtained by building 
three medium-head power stations in tandem, the 
volume of water available increasing considerably at 
each successive stage. The total power obtainable from 
them is 133 000 h.p., and this may be increased by 
artificially increasing the catchment area draining into 
the lake. 

Up to the present time the development of the hydro- 
electric resources of New Zealand has been relatively 
slow, largely because new industries taking large blocks 
of power have not grown up at the same time. Apart 
from certain mining loads the demands from industrial 
consumers are relatively small, and it has, moreover, 
taken some time to prove the reliability of hydro- 
electric power. At the present time, however, the 
demand from small consumers is increasing very rapidly. 
Rural supplies have been developed to a large extent 
in many districts, and the demand from such consumers 
is becoming an important proportion of the total. 

Although New Zealand is essentially an agricultural 
country, attention has been turned to the possibilities 
of electro-chemical industries. A scheme to develop 
300 000 h.p. from Lake Manapouri, for the fixation of 
atmospheric nitrogen and the manufacture of carbide, 
will shortly be undertaken. 

Large deposits of iron sand in Taranaki are at present 
untouched, as owing to the presence of certain impurities 
the ore cannot be smelted in ordinary blast furnaces. 
These deposits, which are excellent in quality and 
practically unlimited in extent, form an interesting 
problem for metallurgists, and it may be that abundant 
electric power will provide a method of treating the 
ore and establishing in New Zealand a most important 
industry. 


AUSTRALIA. 


The Continent of Australia, with an area of 2 981 725 
sq. miles, is one of the largest component parts of 
the Empire, and possesses great natural wealth, but is 
very poorly supplied with hydro-electric resources. 
This deficiency is largely due to the fact that, with 
the exception of Tasmania, and the south-eastern 
corner of the mainland, Australia does not possess any 
important mountains. 

Victoria.—The second of the above areas is partly 
situated in Victoria. There is a range of fairly high 
mountains stretching across the state in a northerly 
direction and terminating in the Blue Mountains of 
New South Wales. Although the rainfall is moderate, 
ranging from 30 to 40 inches per year, its distribution 
is not very good, nor is the annual fall very consistent. 
Storage on a fairly large scale is thus a necessary part 
of any hydro-electric enterprise. 
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In Victoria the electric supply industry is largely 
owned by the State and is organized in a comprehensive 
manner. The programme depends chiefly on the vast 
brown coal deposits in the Morwell district, but also 
provides for the development of the available water 
power in the north-west of the State, primarily to 
supply this district, but also to feed any surplus power 
into the main network and thus supplement the steam 
power. 

The largest of the schemes which have received 
detailed consideration is that on the Kiewa River, with 
an estimated capacity of 50 000 kW, utilizing a total 
head of about 3 600 ft. The catchment area for this 
scheme is a plateau at an elevation of about 5 000 ft., 
which drains into the East Kiewa and West Kiewa 
Rivers and for hydro-electric considerations may be 
divided into two main catchment areas :— 


(1) An area of 12 600 acres with a minimum elevation 
of 5 300 ft. 

(2) An area of 45 600 acres with a minimum elevation 
of 2 400 ft. 


There are no natural lakes in this district, but in the 
case of the first-mentioned section excellent sites for 
artificial storage are available. 

As this district is rather inaccessible and largely 
uninhabited, little exact information relating to stream 
flow and meteorological conditions is available; also, 
since the local demand is low, the development of the 
scheme has been postponed for the present, and in 
its place the Sugarloaf-Rubicon Scheme is being pro- 
ceeded with. In its entirety, this latter scheme is to 
consist of six interconnected power stations, of which 
the largest will be situated at the Sugarloaf Dam 
(18 000 h.p.), while the others will be located on rivers 
and will be provided with little or no storage. The 
Sugarloaf Dam is primarily being constructed for 
irrigation purposes, but it is so situated that a fall 
varying between 113 ft: and 6 ft. may be utilized for 
power production before the water is used for irrigation. 
The electrical output will, however, vary with irrigation 
requirements, and for about three months in the winter 
the plant will be entirely shut down. At such times, 
however, the rivers on which the other plants are 
situated will be well supplied with water, and they will 
together be able to take up in the wet season the load 
which is normally supplied by the Sugarloaf station. 

It will thus be seen that for this scheme to be a success 
it is essential that all the power plants be interconnected, 
and with 40 000 h.p. of installed turbines it is estimated 
that an output of about 27 000 h.p. will be maintained. 

New South Wales.—The greater portion of the elevated 
land under consideration is in the State of New South 
Wales, where approximately 500 000 h.p. is available. 
The full investigation of possible sources and subsequent 
development is at present somewhat handicapped, owing 
to the fact that there is no central control authority 
dictating a definite policy and organizing systematic 
surveys. Municipal authorities and private companies 
have, however, dealt very completely with some districts, 
and in many cases developments for irrigation and 
hydro-electric power are proceeding hand in hand. 
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Table 3 gives the largest sources available for develop- 
ment. 


TABLE 3. 
Resources Head Powet 
. ft. h.p. 
Snowy River 1 600 300 000 
Shoalhaven River.. 814 46 000 
Murray River T — 40 000 


(Hulme Dam; power available for 9 months only.) 


Murrumbidgee River 180 20 000 as inter- 
Gilmore Creek 790 connected 
Buddong Creek 1 880 stations 
Cataract Cordeau .. 440 8 000 


(Sydney water supply dams; power intermittent.) 
Nymboida River (3 


stages) Eo — 40 000 
Clarance.. .. 250 83 000 
Clarance River 1030 12 000 


The Snowy River, which has its source in New South 
Wales but the major portion of its course in Victoria, 
drains the catchment between the main Dividing Range 
and the Wanderer Range, and combines good facilities 
for artificial storage with a plentiful supply of water, 
thus giving the largest individual hydro-electric site in 
the Commonwealth. 

The Hulme Reservoir, in the upper reaches of the 
Murray River, is built for irrigation purposes, but 
provision has been made in the dam to use this storage 
for hydro-electric purposes also. Without interfering 
with the general irrigation scheme, an 80-ft. head can 
be obtained which, during periods of irrigation, that is- 
roughly for 9 months of the year, will enable 45 000 h.p. 
to be developed. 

This scheme by itself would be of little value owing 
to the variations in the power available, but it may 
conveniently be incorporated with the Tooma River 
Scheme, which, without storage, is capable of developing 
75 000 h.p. from two stations each working on a 1 200-ft. 
head. These stations will together be able to take up 
the load from the Hulme Station during the winter when 
the Hulme Reservoir is being filled. 

A little further north is the Barren Jack Scheme, 
which again is primarily for irrigation ; but in this case 
water has to be released during the winter to preserve 
the rights of property holders down stream, which will 
be sufficient to maintain a minimum load of 5 000 kW. 
Further, the irrigation of the district is fully developed 
by the present scheme, and it is possible to divert certain 
tributaries of the Tumut River into the reservoir; the 
capacity of the station can therefore be raised to 
maintain a supply of 20 000 kW, even in the winter. 

Northern, Central, and Western Australia.—With the 
exception of the mountainous districts discussed above 
there is no elevated ground of any note in Australia ; 
thus the rainfall is in general low, and large tracts 
in the centre and west of the Continent are practically 
desert. 


952 COX: THE HYDRO-ELECTRIC RESOURCES OF THE EMPIRE OVERSEAS. 


a a L 


In Queensland and parts of the Northern Territory 
the average rainfall is about 50 inches a year, but its 
distribution is very erratic. Unlike India, the seasons 
cannot be divided into wet and dry seasons ; for several 
years there may be a drought, and in other years the 
rainfall is so heavy that there are extensive floods. 
Under these circumstances storage would be extremely 
costly and very uncertain, making large hydro-electric 
schemes impracticable, even if elevated land and storage 
sites were available. 

Thus it will be seen that the electric supply industry 
of Australia must be almost entirely dependent on prime 
movers other than the hydraulic turbines, except in 
portions of New South Wales and Victoria, where hydro- 
electric power will be a valuable supplementary supply. 

Tasmania.—Although Tasmania is a comparatively 
small country (26 375 square miles), usually shown on 
the map as an apparently insignificant island about 
150 miles off the south-west corner of Australia, it is 
very well provided with sites for hydro-electric develop- 
ment, which are to-day commercial propositions. The 
Government of Tasmania has set up a Commission, who 
are making thorough investigations of available sites 
and have drawn up an active policy for the development 
of these sites, so that as the demand rises there will be 
no serious shortage of power. 

Tasmania has a more temperate climate than the 
Continent of Australia, partly because it is in a higher 
latitude, partly because it is an island, and chiefly 
because a great proportion of the interior is at an 
elevation of over 3 000 ft., a number of the mountains 
rising to 5000 ft. These mountains cause the trade 
winds from the ocean to give up some of their moisture, 
producing an annual rainfall of about 45 inches which 
is well distributed through the year, except for a period 
of about two months in the summer when little rain 
falls. In the interior there are a large number of lakes 
at an elevation of about 3000 ft., which, with com- 
paratively inexpensive headworks, provide sufficient 
storage to carry over the summer months. 

The greatest single source of power available is from 
the overflow of the Great Lake, which has an area of 
some 60 square miles. The Great Lake is situated in 
the centre of the island at an elevation of 3 300 ft., 
with a main catchment area of 153 square miles, and, 
owing to the lack of vegetation and the nature of the 
soil, the run-off is very high. By the construction of 
a low dam at the outlet from the lake, ample storage 
has been provided, and the available flow has been 
considerably increased. There is now sufficient water 
available at the Waddamana Station for a continuous 
output of 53000 h.p. By diverting the River Ouse 
into the lake—a comparatively simple task—the output 
can be raised to 63 000 h.p. 

The Waddamana Station is a high-head plant working 
on 1210 ft., thus leaving some 2 000 ft. of the total 
available head from the lake still to be used. There 
are a number of sites further down the river where a 
great portion of this head may be used, and it is to be 
noted that the present storage system at Great Lake 
will also serve these lower stations. The total power 
at present commercially available from this source 
reaches a total of about 140 000 h.p. (continuous rating). 


To the east of the Great Lake, and generally on the 
eastern side of the island, there are few hydro-electric 
sites of importance. The largest is on the Lake River, 
fed from a chain of smaller lakes, from which 10 000 h.p. 
is available. 

To the south-west of the Great Lake, on the River 
Derwent, there are numerous sites, the largest being 
two sites of 50 000 h.p. each and one of 40 000 h.p. 
To the north-west of the Great Lake, on the Mersey 
River, there is one site of 50 000 h.p. and two of 
40 000 h.p. 

All along the western side of the island conditions 
for hydro-electric sites are very favourable. The surveys 
of this district are at present incomplete, but sufficient 
data are available to give the approximate capacity of 
several resources. In the extreme north-west there is 
a site of 25 000 h.p. capacity on the Arthur River, and 
further south another of 6 000 h.p. on the Helyer River. 
On the Henty River, just below Lake Margaret, 
10 000 h.p. has been developed in connection with the 
Mount Lyell tin mines, while further south on the King 
River a site of 60000 h.p. has been located. Besides 
the above-mentioned power resources in the west many 
others which have not been fully surveyed are to be 
found. 

It is estimated that there is about 1000000 hp. 
available from hydro-electric resources in Tasmania, 
the largest of which are as follows :— 


Great Lake = ie .. 140000 h.p. 
Derwent River .. £s .. 140000 h.p. 
Mersey River... s .. 170000 h.p. 
Lake River py - .. 10 000 h.p. 
Arthur River .. E .. 25000 h.p. 
Lake Rolleston 

Henty River P à 35 000 h.p. 
King River $2 se .. 60000 h.p. 
Huon River ate Ps .. . 20000 h.p. 


Attention was first drawn 'to the possibilities of 
hydro-electric power in Tasmania in connection with 
the production of electrolytic zinc, which demanded a 
large supply of cheap power, and to-day a large pro- 
portion of the power generated is used in connection 
with the mining industry. Another industry depending 
on cheap and plentiful supplies of power has sprung 
up in the manufacture of carbide. 

Large areas of Tasmania are devoted to fruit and 
dairy farming, consequently rural distribution is being 
rapidly developed, especially in the Derwent Valley 
north of Hobart. In the farming districts power is 
used to some extent for irrigation pumps, and to a 
larger extent for butter factories and fruit-tinning 
factories, all of which tend to make rural distribution 
more economical. 

The development of the hydro-electric resources of 
Tasmania is in the hands of the State, and their policy 
is to develop the resources as they are required, always 
having sufficient reserve in hand to supply the increasing 
demand while new stations are being erected. In this 
way Tasmania will be rendered largely independent of 
coal, all of which has to be imported from Australia or 
elsewhere. 
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INDIA AND CEYLON. 


India, with an area of 1 587 104 square miles lying 
between latitudes 6? N. and 36? N., is not very well 
provided with hydro-electric resources, and up to the 
present hydro-electric development has been relatively 
small. 

The climate is of a tropical nature and varies con- 
siderably in different parts. In many there is a very 
heavy rainfall, which occurs almost entirely in the 
monsoon period, i.e. from June to September. As this 
only amounts to four months in the year, a considerable 
supply of water is needed for irrigation, and very 
extensive storage schemes are nearly always necessary 
for hydro-electric development. Further, the monsoon 
rain varies considerably in quantity from year to year, 
so that in addition to the storage of sufficient water 
for eight months’ working, considerable reserves have 
to be carried forward to guard against a succession of 
bad monsoons. It will be obvious from the above 
considerations that high-head plants will be necessary 
to enable storage to be effected on a sufficiently large 
scale. 

The north-west of India is bounded by a range of 
mountains, which fall rapidly from an elevation of 
about 3000 ft. to the plains through which the Indus 
flows. Further, the whole of the northern side of India 
is bounded by the Himalaya Mountains, which rise 
abruptly from the plains to an average height of 10 000 ft. 
in a distance of from 30 to 50 miles. 

The Province of Kashmir in the extreme north-west 
consists of very broken country in which high mountains 
are separated by deep ravines. To the south, this is 
followed by a vast plain which is drained to the west 
by the River Indus and to the east by the Ganges. 
Owing to the sluggish flow of both these rivers and to 
the tremendous variations in flow during the year, 
neither is suitable for electric generation, although they 
are used to a very large extent for irrigation. 

The northern plains can thus be considered to be quite 
barren of water-power resources. But it is otherwise 
with the tributaries of these rivers, which are in many 
cases torrents coming down from the Himalayas and 
the mountains on the North-West Frontier, and which 
offer a number of sites suitable for hydro-electric 
development. Many of these would at present be 
expensive to develop, owing partly to the difficulty of 
providing storage and partly to the difficulties of trans- 
port in this district. For these reasons little progress 
in hydro-electric work has been made as yet, there being 
only two small stations in operation, one in Kashmir 
and the other at Simla. 

Still further south, there is a range of mountains 
about 6000 ft. high running nearly parallel with the 
coast in the Bombay Province. About 40 miles from 
the coast the land rises suddenly to between 3 000 and 
4 000 ft. above sea-level and continues to rise more 
gradually to the summit of the mountains, and then 
falls gently away to the east across Central India. The 
rainfall near the coast is exceedingly heavy, being well 
over 100 inches a year, and in a number of places, where 
storage facilities are good, hydro-electric resources are 
available for development. 
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The largest of the schemes so far developed is the 
Tata power scheme supplying Bombay, which when 
completed will have a continuous capacity of 88 000 h.p. 
The greatest difficulties encountered in this enterprise 
were on the hydraulic side, where 10 000 million cub. ft. 
of storage had to be provided, necessitating the forma- 
tion of three lakes, interconnected by an extensive system 
of canals and aqueducts. The plant operates on a 
head of 1725 ft., which at the time of installation was 
one of the highest in use. South of this again, in 
the neighbourhood of Mysore, there is another district 
where somewhat similar conditions exist. The only 
scheme so far developed is on the Cauvery River. This 
was built in 1905 and has the distinction of being the 
first hydro-electric plant to be laid down in India. The 
station and its transmission system has been extended 
and improved from time to time, and now has a capacity 
of 40000 h.p. This power is transmitted at 75 000 
volts, three-phase, 25 cycles, to the Kolar Goldfields 
in the Bangalore district and also to Mysore city. 

There are a number of other potential sources of 
power in this district which are at present being investi- 
gated by the Government with a view to supplying 
Madras with hydro-electric power. Of the four sections 
being reviewed, sites located in the Nilgiri Hills are the 
easiest to harness, and it is proposed to develop these 
first. By interconnecting several stations it is estimated 
that from 40 000 to 80 000 h.p. will be available for use 
in Madras, some 300 miles away. As transmission over 
such long distances is at present in the experimental 
stage, it will be interesting to note which of the several 
Systems under consideration will be adopted ; and the 
degree of success obtained will no doubt have a marked 
effect on the future development of those resources in 
many other districts where long transmission lines are 
necessary. 

The range of mountains referred to on the west of 
Central India deprive the monsoon of most of its 
moisture; and the rainfall in the Central and Eastern 
provinces is therefore relatively low, being only from 
25 to 50 inches per annum. This condition, coupled 
with the much more gradual slope of the land, renders 
the east of India practically devoid of hydro-electric 
possibilities. 

Ceylon.—Ceylon, an island of about 20 000 square 
miles off the south of India, is endowed, by its insular 
position, with a more distributed rainfall than the 
mainland. The interior of Ceylon is mountainous, 
rising to an elevation of 8 000 ft. in places, and a 
number of sites are available for hydro-electric develop- 
ment. 

One of these is at present being developed and will 
ultimately be capable of carrying a continuous load of 
71300 kW. This scheme will make use of the waters 
of two streams, the Aberdeen and the Laxapana, which 
have their sources at an elevation of some 6 000 ft. 
and thereafter descend rapidly along two converging 
valleys, meeting at a point 400 ft. above sea-level. 
Storage is provided by damming the streams in their 
upper reaches, and the water is conveyed in conduits 
to the forebay reservoir, which is situated at a point 
on the ridge dividing the two valleys, where a head of 
2 050 ft. is obtained. 
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BURMA. 


Burma, a large tract of country lying to the east of 
northern India, is bounded on both sides by a range of 
mountains about 6 000 ft. high, the interior being a 
large low-lying valley drained by tHe Irawadi River. 
The rainfall is high, being over 100 inches in the 
mountains and falling to about 50 inches per annum 
in the Irawadi valley. As in India, most of this rain 
falls during the monsoon period between June and 
September, the remainder of the year being practically 
dry. The gradient from north to south in the Irawadi 
valley is small and the river is subject to very heavy 
floods. The main river is used largely for irrigation 
but is not suitable for hydro-electric development ; but 
the tributaries, flowing from the mountains on either 
side, possess many sites suitable for water-power stations. 
For the fullest development of these sites considerable 
storage is necessary, but as vast tracts of the country 
are heavily wooded the run-off is more gradual than in 
India and less storage is required. 

At present there is only one hydro-electric station in 
operation in Burma, that at the Mansam Falls. This 
has a capacity of 6 600 kW and supplies power to the 
Burma Corporation's silver-lead mines some 25 miles 
away. This station works on the minimum flow of the 
river, having practically no storage. 

Transport difficulties are very great at present and 
the demand for large blocks of power is small, so that 
little development has hitherto taken place, but as the 
country becomes industrialized the increased demand 
for power will bring its hydro-electric resources to the 
fore. 


SOUTH ÁFRICA. 


The Union of South Africa, which has an area of 
490 000 sq. miles, is situated between latitudes 22? and 
35? south and has thus a semi-tropical climate. The 
whole central portion of the country is a huge plateau 
elevated between 2 000 and 4000 ft. above sea-level, 
and bordered by a range of mountains with an average 
altitude of over 4 000 ft. on the east and south, dropping 
rapidly to the sea on the west. The greater portion 
of the plateau is drained to the west by the Orange 
and Vaal Rivers and their tributaries, while a smaller 
portion is drained to the north-west by the Limpopo. 


The rivers draining to the west flow slowly across the. 


plateau to within about 50 miles of the coast, after 
which the country falls rapidly to the sea in a series 
of terraces over which the rivers flow in a succession 
of cataracts. 

Topographically the country is well constituted for 
a number of moderate-power stations on the eastern 
slopes of the mountains, and high-power stations where 
the land falls rapidly from the central plateau on the 
west, but certain other factors combine to render the 
total available hydro-electric resources relatively small. 
. In the first place the rainfall over the central plateau 
and western districts is very low, being between 5 and 
15 inches per annum, most of which falls in two months 
during the summer and thus causes serious variations 
in the flow of rivers in different seasons. Secondly, 
for the agricultural development of the large tracts of 


land in the plateau and in the terraced regions of the 
West, large quantities of water are required for irrigation. 
Since coal is plentiful in many parts of South Africa 
the Government has decided that the agricultural 
development is more vital to general prosperity than 
the development of hydro-electric resources. The use 
of available supplies of water for the generation of 
electricity is therefore only considered when it has first 
been proved that either the water cannot be used for 
irrigation, or that it can be used both for the generation 
of electricity and for irrigation without in any way 
interfering with its use for the latter. This policy will 
undoubtedly be rigidly followed, and must be taken 
into account when discussing the hydro-electric resources 
of the Union. Irrigation demands vary seasonally, from 
nothing during the rainy months to a maximum in the 
dry season which occurs just before the crops ripen. 
To use the same water for power and irrigation, either 
the storage for irrigation must be incomplete, or the 
power site must be in such a position that the tail water 
can be stored for irrigation after having been used for 
generating power. In the first case only a certain 
fraction of the water is used for both purposes, and 
such a scheme can only be applied where there is more 
than enough water for irrigation. In the second case 
very special topographical conditions are required. In 
the south and west of the Union neither of the above 
conditions is satisfied to any extent, and large develop- 
ments of the hydro-electric industry cannot be expected 
in these districts. 

In the strip of country to the east and north-east 
between the mountains and the sea, the rainfall is 
heavier, reaching about 30 inches a year, and is more 
evenly distributed. This results in much less water 
being required for irrigation, and conditions are more 
favourable to hydro-electricity ; but even here the flow 
varies greatly and the rivers in general are small. 
Storage on a fairly large scale is therefore necessary 
for large and economical development. Unfortunately 
there are no natural lakes in the district and the country 
is difficult for artificial storage, with the result that there 
is probably little more than 30 000 h.p. available. 

For many years there have been small developments 
for the mining districts in the eastern Transvaal, but 
the largest station at present operating has a capacity 
of only 2 250 kW. 

Up to the present time the Union of South Africa 
has not been seriously surveyed from the point of view 
of its hydro-electric resources; much information of 
an approximate nature can, however, be obtained from 
a study of the extensive irrigation surveys that have 
been made. These unfortunately indicate beyond doubt 
that this large country with its abundance of mineral 
and other natural products is not at all well provided 
with possible sites for the development of hydro-electric 
power. 

Rhodesia.—To the north of the Union there is the 
large territory of Rhodesia, which is in many respects 
similar to its southern neighbour in that there are large 
tracts of elevated arid land, which will require most 
of the available water supply for agricultural purposes. 
Conditions in general are, however, more favourable 
than in the Union. In the south-west there are a 
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number of potential schemes, one of which has been 
developed by the Broken Hill Co. at Mulungushi. This 
station, when completed, will have a capacity of 
10 000 h.p. and, as it works on a head of 1 000 ít., 
the 4 000 000 cub. ft. storage which is being provided 
will be sufficient to maintain the supply during the dry 
season. 

Part of the course of the Zambesi lies in Rhodesia, 
providing a number of valuable resources from which 
several million horse-power is available. The local 
demand is at present small and few steps are likely to 
be taken to utilize this power, unless technical advances 
make it possible to transmit to the mining districts of 
the Transvaal, about 500 miles away. 


(3). CONCLUSION. 


In most parts of the Empire overseas the development 
of hydro-electric power is proceeding hand in hand with 
the growth of manufacturing in countries which have 
hitherto been mainly engaged in agriculture. In nearly 
all cases this has been the means of developing new 
industries, such as the production of wood pulp in 
Canada and the electrolytic zinc and carbide industries 
of Tasmania. 

In a new country, or in one which has been primarily 
engaged in agriculture, it is not in general a commercial 
proposition to develop very large hydro-electric resources 
unless large bulk supplies can be sold from the outset. 
The reason for this is that the major portion of the cost 
of water power is the capital charge on the headworks, 
which nearly always have to be made suitable for the 
ultimate development. A load consisting entirely of 
small consumers takes some years to build up, and 
although the power house may not be completed’ the 
capital charges will be such that the plant will be run 
at a loss during this period. If possible, the full capacity 
of the station should be installed, and contracts for 
bulk supplies at low rates should be let for short 
periods of years. 

In this way the plant will be well loaded from the 
outset and no actual loss need be recorded during the 
early stages. Gradually, as the cheap bulk-supply 
contracts expire, they may be replaced by better-paying 
loads. Not only will a scheme such as this be a com- 
mercial success, but at the same time the community 
wil deprive the undoubted benefits of an abundant 
supply of electricity at reasonable rates. 

Water-power sites will seldom occur very near existing 
centres of potential load. Of course power can be, and 
is, transmitted for very considerable distances to these 
load centres, but an excellent opportunity is also held 
out of maintaining a higher standard of living in the 
country and improving the general productive efficiency 
of its people. 

There is much waste of energy, both mental and 
physical, directly caused by people congregating in the 
huge cities that tend to arise under present-day con- 
ditions. Take, for example, the time wasted by the 
many thousands who travel six or eight miles to and from 
their work each day. This waste of time, besides being 
itself unproductive, is the direct cause of considerable 
unproductive employment and expense, in maintaining 


suburban transport services to take these people to and 
from their homes. 

Hydro-electricity gives a splendid opportunity of 
saving this expense and incidentally of saving some of 
the cost of transporting the actual power. Consider 
the case of a new industry being developed in con- 
junction with the building of a large hydro-electric 
scheme. Such an industry will frequently obtain its 
raw material on a site remote from any existing settle- 
ment, and the works will be built at some convenient 
place near these supplies. A small community will 
spring up near the works and a village should be laid 
out, allowing for future developments, so that all the 
employees may be well housed and nobody need have 
too far to go to his or her work. Where the factory 
site is not dictated by the supply of raw materials, a 
site should be chosen at least on the outskirts of a town, 
and a similar procedure adopted, so that all employees 
are well housed in the vicinity of the works. The 
additional expense and trouble will be well repaid by 
the better health and greater efficiency of the employees. 

Attention has lately been given to rural electrification, 
and considerable progress has been made in Holland, 
parts of Germany and Sweden. In comparison with 
the above-mentioned countries, most parts of the 
Empire do not show up to great advantage, but in 
certain districts the rural load has become an important 
fraction of the total. These supplies further assist in 
scattering the population, besides helping to cheapen 
certain products of the farm and at the same time to 
improve their quality. The author is referring to such 
industries as butter- and cheese-making, fruit-tinning, 
jam-making, meat-freezing and corn-grinding. 

In all but one of the cases cited above, the raw 
product from the farms deteriorates quickly during 
transport, and by placing factories of moderate size 
actually in the producing area the quality of the manu- 
factured product is automatically improved. This pro- 
cedure is economically possible when supplies of power 
are available in rural districts, and not only improves 
the finished article but allows the workpeople to live 
in more congenial surroundings with all the home 
comforts now available in the cities. The position of 
the farmer will also be improved, as the increased 
demand will cheapen his power and in many cases 
make supplies possible in districts where the demand 
would otherwise be insufficient to warrant the erection 
of transmission lines. 

It may be argued that such a system will, in most 
cases, increase the transport difficulties, but actually 
this need not be the case. The manufactured article 
is usually less bulky than the raw product, and in all 
cases it is more easily transported and handled. Then, 
as already mentioned, the transportation of all classes 
to their work is almost entirely eliminated. As such 
transport comes at rush hours and produces high peak 
loads, the load factor on power plants will be improved. 
Further, the domestic load which builds up where power 
at reasonable rates is available will also materially 
improve the load factor. 

The process is taking place naturally in many parts 
of the Empire where hydro-electric supply systems are 
well established, notably in parts of Canada, New 
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Zealand and Tasmania; but a clearly thought-out 
policy should be adopted in all countries, aiming at a 
more even distribution of the population and an 
economical development of transport. When such a 
policy is defined, future development should be carefully 
guided along the lines laid out. 

The importance of a central guiding hand cannot be 
overestimated with hydro-electric systems. In the 
first place the use of the available water in any district 
must be studied from a wide angle. Water will be 
required for general or domestic supplies, it may also 
be required for irrigation, and when available will 
certainly be required for hydro-electric development. 
The use of water from all sources must be studied and 
development guided along the lines which will be of 
greatest benefit to the community in general. Secondly, 
interconnection on a large scale presents much greater 
advantages with hydro-electric systems than are usually 
obtained from the interconnection of steam stations. 
This arises largely from the fact that local conditions 
of storage and seasonal flow at each station are sufficiently 
divergent to enable the various units to take a greater 
or lesser share of the total load at different times, thus 
enabling a greater average load to be carried by the 
system. 

To formulate the policy for the development of 
hydro-electric resources, the author suggests that each 
country should appoint a committee which should 
represent all bodies concerned in the generation and 
utilization of electricity, whether this power be generated 
from hydraulic or from thermal stations, this committee 
to be directly responsible to the Minister for Public 
Works. The initial points to be settled are those of 
standardizing frequency and the various distribution 
voltages which will be necessary. The country should 
be divided into supply areas within which the various 
power boards will be responsible for the detailed 
reticulation in their own area. 

The main work of this committee will be the super- 
vision of surveys of resources and the formulation, along 
broad lines, of the details of the development of the 
various schemes. Bound up with this work is the full 
investigation of available storage sites. The detailed 
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development of the various sites and the operation of 
stations should be left to private enterprise. Where 
storage affects several stations and is perhaps used for 
irrigation, and also reduces damage and loss of property 
from floods, the schemes should be built by the 
Government, who will be in a better position to divide 
the cost among all those who directly benefit by the 
scheme. The Government will derive revenue to cover 
the expenses for this pioneer work by letting water 
rights for the development of the various schemes that 
have been investigated. A Commission similar to the 
one described above has been appointed in many parts 
of the Empire, but is in most cases also entrusted with 
the actual development and operation of resources. In 
this way the electric supply industry very largely 
becomes a Government monopoly, which is not, in the 
author’s opinion, a distinct advantage. 

The Canadian province of Quebec is a notable 
exception to the more usual plan, and it is noteworthy 
that the hydro-electric development in this Province 
is proceeding at an extraordinary rate. 

Nowadays so much time is spent over conferences 
that one hesitates to suggest the advisability of adding 
to their number. The author is, however, convinced 
that great assistance would be rendered to all those 
responsible for hydro-electric works in the Empire, if 
technical representatives of the various commissions 
were to meet from time to time, in order to discuss 
the various problems they have to solve and to pool 
the knowledge gained in the different countries. 

In conclusion, from the rapid progress that has been 
made it may be inferred that the peoples of the Over- 
seas Dominions are fully alive to the value of the many 
hydro-electric resources they possess, and it is to be 
hoped that with closer co-operation between the various 
parts of the Empire we shall not only hold our place 
in this industry but definitely lead the world. 

The author wishes to take this opportunity of thanking 
the Agents-General of the various Dominions for their 
assistance in supplying much of the detailed information 
contained in this paper, and also to thank Mr. W. 
Wilson, B.E., M.Sc., Member, for many valuable 
suggestions. 
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DISCUSSION ON 


“THE DESIGN OF CITY DISTRIBUTION SYSTEMS, AND THE PROBLEM 
OF STANDARDIZATION.” * 


NORTH-EASTERN CENTRE, AT NEWCASTLE, DECEMBER 13, 1926. 


Mr. C. Vernier: The question of the standardization 
of consumers' voltage is equal in importance to that of 
the standardization of frequency, and no one who has 
visited the United States can have failed to be impressed 
with the enormous advantage of a practically standard- 
ized voltage, both in making for cheapness of appliances 
through mass manufacture and distribution, and in 
convenience to the consumer, who is not called upon to 
scrap his appliances each time he moves from one 
district to another. Theinterchangeability of appliances 
when travelling about the country is accepted by the 
American as a matter of course, and we should all 
benefit enormously if the same conditions obtained in 
this country. The authors' recommendations as to the 
type of network and current to be standardized are 
unquestionably sound. In this district we have worked 
on these lines for many years, that is, three-phase 
4-wire distribution is laid down for all new networks, 
and our general policy is to change over all existing 
d.c. networks either wholly or in part, wherever 
possible, to either 3-wire single-phase or three-phase 
supply. This is not always possible, on account of the 
heavy expense involved in changing motors already 
connected to the network where these are numerous 
or of large sizes, but, in general, there is no difficulty 
in this matter except in the central areas of large towns 
or industrial centres. Even here, much can be done 
by removing from the d.c. mains and changing over 
large individual consumers such as theatres, stores, 
hotels, restaurants and works to new a.c. substations 
fed by radial high-tension feeders, and a number of such 
cases exist in the central part of Newcastle. With 
existing 3-wire networks, a change-over to a 3-wire 
single-phase system is almost essential, as otherwise the 
load capacity of the network is limited by the smaller 
section of the neutral conductors. A very important 
result of changing over networks from direct to alter- 
nating current, briefly mentioned by the authors, is the 
great saving on maintenance of mains which this affords. 
In many cases the reduced maintenance costs effected 
by this change-over go a very long way to justify the 
expenditure on the conversion. Space does not permit 
of my enlarging on this point, but in this district the 
policy of change-over of networks from alternating to 
direct current was, in the first instance, largely forced 
upon us by the necessity of having to re-lay old vul- 
canized-bitumen cable networks operated on direct 
current, after some 15 years of working life. By this 
means the cables have been given a further length of 
life, at least as long again, while, within 12 months of 
the change-over, faults on mains, which previously 
were excessively frequent, practically ceased altogether. 


* Paper by Messrs. J. R. Beard and T. G. N. Haldane (see pages 97 and 259). 


The ever-present danger of bitumen-gas explosions with 
vulcanized-bitumen cables laid solid for d.c. work, 
which is a very serious one with this system, is also 
by this means entirely eliminated. The extension of 
this change-over policy to other networks in better 
condition followed naturally as the result of the experi- 
ence obtained in this way and of the greater importance 
of running costs in d.c. substations following on the 
rise in labour costs which has occurred since the war, 
which costs can thus be largely avoided. Another 
important feature which is not always appreciated, 
of a change-over to alternating current on the lines 
advocated, is a substantial increase of revenue, which 
almost invariably follows the change-over of a d.c. 
network to a.c. operation. The splitting-up of a large 
network into a number of smaller ones results in a 
much better pressure regulation to consumers, as on 
account of the heavy cost of d.c. substations, whether 
in capital cost or cost of operation, or both, these are 
usually kept small in number, and long feeders, some- 
times with considerable voltage-drop in them, are 
common. With the maintenance of a better pressure 
at consumers’ terminals throughout the district supplied, 
the result is immediately seen in the comparative 
revenue obtained from the same consumers and in the 
better efficiency of appliances. The radial system of 
secondary transmission is one which I fully endorse, 
as the reliability of well-laid high-voltage cables up to 
and including 11 000 volts need not be less than that of 
low-pressure mains, and in a good many cases it is 
not even necessary to duplicate the supply in the initial 
stages of development. I am also in full agreement with 
the authors’ views as to the type of low-voltage cable 
and methods of laying. The general use of unarmoured, 
lead-sheathed and waterproofed cables for low-pressure 
mains should be permitted by the Electricity Commis- 
sioners as soon as possible. The difference in cost 
of such cables as against armoured cables varies 
from 16 per cent to as much as 40 per cent, according 
to their sectional area. It is understood that the diffi- 
culty arises from some objection offered by the Post- 
master-General to the use of plain lead-sheathed 
distributing cables without armouring, but the practice 
is well supported by experience, and the industry 
should see to it that this and. similar hampering diffi- 
culties in cheapening the cost of distribution are tackled 
without delay. I regret that the authors have not dealt 
with other than city distributionsystems. In the matter 
of standardization the question of urban and rural net- 
works is fully as important, and as most of these net- 
works are, and will continue to be, carried out overhead, 
it would be well if some reference could be made by 
the authors to these networks in their reply. The 
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question of substation sites is an extremely important 


one, and unless some compulsory powers for the pur- . 


chase or leasing of such sites can be quickly granted 
to the industry, progress must be seriously hampered. 
Many thousands of pounds have been spent in the past, 
and will still have to be thrown away on useless addi- 
tional lengths of cable, and additional losses incurred 
unless larger cables are put in, because the best site 
for the substation cannot be obtained. In other cases 
it may be quite impossible to get sites at all on reasonable 
terms, and at the present moment the supply to a whole 
village in this district is held up because the principal 
landowner, who owns the only available land for the 
purpose, will not grant substation sites unless the 
electricity supply undertaking agrees to lay under- 
ground cables in the village, instead of overhead mains 
as they propose, in streets in which he has no legal right 
to interfere. In conclusion, it is interesting to see how 
we seem to be very closely reverting to a very old system 
of supply, viz. that in use in Newcastle between 1889 
and 1900. The supply was then given by means of 
2 000-volt concentric feeders to house-to-house trans- 
formers, some of which fed neighbouring properties 
through short low-tension mains. Substations did not 
exist, and transformers were placed in any convenient 
place in the basements and cellars of consumers’ premises. 
Present-day loads, unfortunately, do not permit of this 
simple solution, or even in many cases of the use of 
underground substations in streets, while kiosks can only 
be used in urban and rural areas, and then only with the 
consent of the local authorities. It is true that the 
recent Electricity Bill proposed to dispense with their 
veto, but this unfortunately appears to have been 
abandoned on the third reading in the Commons. The 
question of reliability of supply is one which many 
engineers consider to be of paramount importance, and 
on which they are prepared to expend very considerable 
sums of money, as, for example, in providing stand-by 
batteries. With a system of radial feeders, automatic 
re-closing of switches might be adopted on high-tension 
feeders where these are not duplicated, thus minimizing 
the duration of interruptions, a feature which is becoming 
of very general use in the United States. 

Mr. C. Turnbull: In earlier days it was sufficient 
to lay mains of a convenient section throughout the 
district and to run feeders when necessary to points 
where the demand was heavy. Now that electricity is 
being supplied in very large quantities the old method 
fails. All distribution engineers have to consider the 
question dealt with in this paper, namely, should 
there be many substations or few, and how should the 
substations get their high-pressure supply ? The authors’ 
answers to these questions are illuminating. Unfor- 
tunately, it is not easy to solve the problem in just the 
way that they mention, as their solution demands 
substation sites in the very places where they are usually 
unprocurable, and the difficulty of obtaining desirable 
sites for substations will increase year by year. Even 
where sites are obtainable—at a price—one has to face 
opposition to transformer noise. There are many 
cases where a cellar in a hotel would be quite suitable 
for transformers, but obviously a hotel cannot have 
transformers which transmit a humming noise to the 


rooms. Such humming noises are particularly notice- 
able in the middle of the night when everything else 
is quiet. Manufacturers of transformers should do all 
they can to eliminate such noise. I do not think that 
the authors have made the case for armoured cables 
as strong as it might be in comparison with ducts. 
Laying ducts in a busy street is a very expensive matter, 
particularly where the path is broken up at intervals by 
cellars. The great benefit of an armoured cable is that 
it can be twisted about to pass obstructions. I have 
laid armoured cables without any further protection 
and so far have found them quite satisfactory, although 
I agree that protection may be desirable where the 
ground is frequently opened. I do not favour lead- 
covered cables without armour. The armour has the 
advantage of binding together a large amount of serving, 
and where the ground is wet an armoured cable well 
served and well compounded stands up against corrosion 
in an excellent manner. Garden cities provide a par- 
ticularly troublesome problem. The houses are spaced 
out over large areas, and it is frequently necessary to 
take the services through long gardens. It would 
greatly reduce the cost of supply if a strip of land were 
reserved near the houses for public utility purposes, 
including electric, water, telephone, gas and drainage 
supplies. We must all agree that the adoption of a 
standard pressure throughout the country would be 
a great benefit to the industry. The provision of a 
standard frequency provides more difficulties. If, for 
instance, the North-East Coast system of 440 volts and 
40 periods were altered to 400 volts and 50 periods, 
the motors would not run satisfactorily. In such cases 
it would frequently be desirable to provide auto-trans- 
formers for boosting up the pressure on the motors to 
something like 480 to 500 volts, which would enable 
them to run satisfactorily at the higher frequency. 

Mr. H. W. Clothier: It was admitted by Mr. Beard 
in a previous paper and is now confirmed by the authors 
in the present paper that '' the primary requirement of 
the high-voltage system is that it should ensure con- 
tinuity of supply." The authors’ recommendation for 
achieving this, (col. 2 of page 102) may be summed up 
thus :—(1) Use sound apparatus; (2) isolate faults without 
disconnecting sound apparatus; (3) eliminate as much 
switchgear as possible ; and (4) prevent failure extending 
to duplicate circuit. But the methods proposed by the 
authors are not so well chosen. They prefer a radial 
System for certain high load densities, but an inter- 
connected system for '' any area which contains a large 
number of prospective large power consumers." I 
agree with the latter, but cannot reconcile the rcasons 
given by the authors for the former ('' simplicity, ease 
of operation, and lower cost’’) with all of the above 
" continuity of supply" requirements. The radial 
system may be cheaper in initial cost, but is there 
*' ease of operation " when there are no means of isolating 
a transformer without cutting out three other trans- 
formers and the main cables feeding them, and does 
this comply with requirement (2) about not disconnecting 
sound apparatus on the occurrence of faults ? Hitherto 
it has always been considered advisable to feed important 
h.t. substations from two different directions, a practice 
which complies with requirement (4), but the authors’ 
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new radial system takes the duplicate cables together, 
regardless of the risk of a fault causing the operation 
of both of the solitary circuit breakers, and thereby a 
large district is plunged into darkness for an indefinite 
period. The failure of one cable might bring about 
fault conditions on its duplicate, apart from the risk 
of the cause affecting both cables at the same time. It 
might take hours to restore the full service to the 
affected district. I think that the time is not ripe for 
throwing over the safeguards which have made the 
system so secure on the North-East Coast. The ring 
system known as the “single switch substation,” 
shown in Fig. 3 (b), retains the main principles, and even 
if in some cases it does prove to be more expensive in 
initial cost, it can be claimed that it more nearly com- 
plies with the requirements of ‘‘ continuity of supply.” 
So far the demand for switchgear has been so varied 
and experimental in this country that manufacturers 
have had but little opportunity to stabilize a real bulk 
production in a way warranted to produce the “sound 
apparatus ” at its lowest price. Much has been done 
under the adverse conditions of lack of standardization 
in demand, and a stage is within reach where real 
progress in this respect might be effected. Itis a matter 
of national economy to utilize that asset to the full and 
not to forsake the experience gained in the handling 
of troubles which have resulted in accidents to the plant 
and cables. The sound protective apparatus made to 
the standard of British reliability may still give that 
characteristic touch to the power supply undertakings 
when they develop to the size and give that amount 
of service to the home and industry that is to be expected 
of them in the future. 

Mr. A. W. Crompton: The authors’ endeavours to 
speed up the progress of standardization and to set out 
in a clear and concise manner what they consider to be 
the ideal system of low-pressure distribution, together 
with the most appropriate means of giving the high- 
pressure supply, are particularly opportune in view of 
the passing of the Electricity (Supply) Bill, and also 
following upon the Empire Conference at which was 
divulged the large saving the standardization of lamp 
voltages would effect. The need for networks to be so 
designed that the minimum amount of excavation is 
required in order to increase their capacity is very much 
in evidence, and a local instance of the tendency for 
greater restrictions being imposed by local authorities 
is to be found in the Newcastle-upon-Tyne Corporation 
Act, 1926. Whilst accepting the authors’ estimates of 
the rates of increase in Table 1 for areas “ A," “B” 
and ' C,” there would seem to be some doubt as to 
whether the load density in areas with initial densities 
of 4 000 kW per square mile and upwards will also be 
doubled at intervals of 5 years, having regard to their 
comparatively congested condition and consequent 
lessened scope for building. The estimated annual rate 
of increase is of course a determining factor in the design 
of the network, and the substation-distributor type 
proposed is no doubt preferable to the feeder type on 
the score of less initial outlay, since feeders large enough 
to deal with the load of the area some years ahead 
would require to be laid in the first instance. Further 
substations would be required as the load increased, 


and it would be of interest to learn whether the saving 
in excavation costs would warrant the laying of the 
high-pressure cables at the same time as the distributors. 
Such cables might in certain cases be very useful for 
supplying concentrated loads not provided for in the 
original design of the low-pressure network. The most 
obvious difficulties in carrying out the substation- 
distributor scheme relate to the securing and retaining 
of the substation sites required for development if 
these substations are to be the usual type above ground 
or in existing buildings, and there is much to be said in 
favour of the more extensive use of substations under 
the public footpaths or roadways. Excessive rents are 
sometimes charged for substations on private property 
and form a large proportion of the annual costs of 
supply, especially in the early stages, as the rentals 
are generally based upon position, etc., and not pro rata 
to the amount of load actually supplied from time to 
time. It is also difficult to obtain security of tenure. 
In areas where the power load predominates and also 
where considerable interchange of load takes place 
between power stations, an allowance of 2 per cent to 
cover the whole of the voltage-drop to the low-pressure 
busbars appears inadequate, and in many cases, especially 
as the load on particular distributors increased, voltage 
regulators would become necessary. The most appro- 
priate position for such regulators is suggested to be 
the low-pressure side of each of the step-down trans- 
formers at the transforming centre (Fig. 7). The high 
annual cost of the distributors, stated as 75 per cent of 
the total (excluding excavation), emphasizes the necessity 
for them to be run at as near their maximum rating 
as possible, and even a reduction of 2 per cent in the 
permissible voltage-drop represents a large capital 
outlay. A considerable amount of unarmoured lead- 
covered and waterproofed cable has been laid during 
the last few years in this area and so far has given 
satisfactory service, but insufficient time has elapsed to 
enable any decided opinion to be expressed as to its 
reliability in comparison with other types of cable. It 
would be of interest if some particulars could be given 
as to the carrying and rupturing capacity and also the 
space required for the accommodation of 11 000-volt 
switches suitable for installation in street boxes. These 
are referred to in paragraph (c) on page 105. 

Mr. J. Gibbins: Whilst admitting the desirable 
features outlined in the paper, I am not sure whether 
the advantages to be obtained from the standardization 
of voltage and frequency are commensurate with the 
cost involved. The demand of the consumer to-day is 
for cheap power. Now cheap coal will not give cheap 
power, for if it were given free it would only take off 
0-8d. per unit, so, considering that approximately 90 
per cent of the cost per unit is incurred by transmission, 
distribution and other kindred items, the cost of the 
suggested changes will be very heavy and the consumer 
is already burdened with high charges. I have in 
mind a certain large city where the cost of conversion 
of frequency to 50 cycles would involve many millions 
of pounds, truly a prodigious figure to pass on to the 
consumer. Regarding the authors’ remarks on page 102, 
sub-section (b), switchgear is not a source of trouble. 
If trouble has been experienced in this direction it is 
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due to haphazard methods of choosing. apparatus. 
Choose the proper gear for the proper scheme, and if 
it is of good quality and design it will undoubtedly 
give good service. 

Mr. W. C. Lambourn: The national acceptance of 
standardization would simplify the design and lay-out 
of substations, networks and services, with a consequent 
reduction of expenditure, as the call for re-designing to 
meet the increased loading is exceedingly costly, due 
to non-standardization. The changing of d.c. networks 
to alternating current is very desirable with a view to 
reducing maintenance costs involved by the effects 
of direct current; this saving will largely counter- 
balance the cost of new lay-outs and change-overs. I 
would favour the use of a voltage of 450/250 to save the 
estimated 2 per cent mentioned by the authors, the cost 
of apparatus at these voltages being practically no 
greater than that for a voltage of 400/230. The authors’ 
estimated load development is not exaggerated, and 
consequently the installation of hundreds of thousands 
of services can be expected during the coming 10 years. 
There has been a tendency throughout the country 
during the past years to allow a large current-density 
factor when installing service cables, when 20 per cent 
would meet the requirements in innumerable-cases at a 
considerable saving. For instance, assuming £1 to be 
saved on each service, and at a low estimate of 500 
undertakings installing 1 000 services a year, a saving of 
£500 000 would be made. This saving could be usefully 
expended in meeting the extra outlay necessary for 
heavy-current-density cables to meet ever-growing loads. 
Coming to the method of laying cables, I think the 
draw-in system too costly in all aspects to be entertained 
to-day. Apart from the present difficulties of routes, 
the repair of sections of cables with this system is costly. 
For instance, if the length of a 1 sq. in. vulcanized- 
bitumen cable is 100 yards, and a fault occurs mid-way 
between the draw-pits, this would mean a complete 
renewal of the whole length, whereas the repair of a 
solid or armoured cable would probably involve only 
a length of 5 yards—a considerable saving in cable, not 
to mention the difference in labour costs. The armoured 
cable, or the more recently adopted waterproofed lead- 
covered cable, is obviously more easily laid and repaired, 
and when time is such an important factor in cable 
repairs to-day, due to saturated networks, I feel sure 
that their adoption is assured. Referring to high- 
voltage distribution systems, the radial and inter- 
connected systems each has its points of merit. Either 
is preferable to any tee system, which is economical 
in lay-out but the capital saving on which would soon 
be absorbed by compensation payments, especially in 
industrial areas, the risk of which is increased if the tees 
are numerous. Reliability of supply being more im- 
portant than ever to-day, the least risk of interruption 
must be avoided. The changing-over of d.c. networks 
to alternating current is the dream of all mains engineers. 
As the authors mention, the process is more difficult 
when dealing with an existing 3-wire system. In 
residential areas where the loads comprise practically 
all lighting, heating and cooking, the operation is much 
easier and odd power loads can be met. In industrial 
areas the change to the 4-wire system is, of course, 


essential, but here again the capital outlay is greatly 
reduced by the saving in maintenance, especially when 
some old networks have completed their allotted 
span. 

Mr. L. E. Mold: The authors’ plea for standardiza- 
tion needs every member's support. The advantages 
to the domestic consumer and the manufacturer of 
domestic appliances, lamps, etc., would be of enormous 
value, and large sums of money which now lie idle due 
to the multiplication of stocks, etc., would be released. 
The rate of increase in load given in the paper appears 
to be conservative. I assume that full account is 
taken of the large increase in domestic load from existing 
consumers which will follow due to the gradual appre- 
ciation in the advantages of electric service and the 
decreased costs of apparatus which niust of necessity 
be made. The ratio of 2} to 1 between connected load 
and maximum load indicates this development. 
Referring to Fig. 3, the radial system appears to great 
disadvantage in respect of the ease of control and 
reliability of supply given by the interconnected system. 
I should be glad if the authors would explain how 
automatic transformer protection of the balance type 
could be satisfactorily applied to the radial system, as 
suggested on page 103. The lt. circuit breaker con- 
trolling the faulty transformer could be opened by this 
means and the primary side of the transformer could 
only be cleared by the operation of the circuit breaker 
in the feeder at the main substation by overload or 
leakage protection. It is also necessary to disconnect 
all transformers supplied from this circuit. This entails 
reverse-current protection in each transformer low- 
tension circuit; the balance protection is thus acting 
as a stand-by to the reverse-current protection. This, 
however, may be desirable in view of the doubtful 
reliability of reverse-current apparatus. A short time- 
lag would also be necessary in conjunction with the 
reverse-current relays to eliminate risk of premature 
operation during fault disturbances. I would suggest 
the provision of an oil-immersed switch-fuse in each 
transformer primary circuit as an improvement, at 
very little additional capital cost. The general system 
of protection is much simplified and is discriminative 
in the '' single-switch ” interconnected system (Fig. 35). 
It is surprising to find that the difference between the 
annual costs of transmission systems at 11000 and 
33 000 volts is so small. The repairs and maintenance 
costs at the higher voltage are very high with present- 
day cables, but the authors have no doubt rightly 
assumed that these costs will soon be reduced to the 
low level established with present-day 11 000-volt 
cables. ; 

Mr. A. A. Hughes (communicated): In connection 
with the authors' remarks under the headings of '' Stan- 
dardization of Voltage ” and '' Standardization of Type 
of Current,” figures showing the costs of a change-over 
from direct to alternating current with and without a 
change of voltage may be interesting. Three-wire d.c. 
networks were changed and therefore all a.c. motors 
were single-phase, approximately 30 per cent being of 
the commutator type. In the costs given, no allowance 
is made for head-office supervision, management ex- 
penses, etc. The following particulars relate to part of 
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a residential area which only involved a change of 
system and not of voltage, meter costs being ignored :— 


Number of consumers .. i .. 16550 
Number of consumers, lighting only 660 
Number of consumers, power and lighting 70 
Number of consumers, lighting and heating 820 
Total power connected  .. ss is 110 kW 
Total lighting connected .. zs ] 400 kW 
Total heating and cooking connected ] 500 kW 


Total number of motors .. ae - 84 


Cost of new motors £2 000 
Cost of installation of above £800 
Cost of dental and medical apparatus £800 
Cost of vacuum cleaners .. we T £200 
Cost of battery-charging apparatus £800 


In addition there was a cost of £500 in making consumers’ 
lighting installations comply with the Factory Acts on 
premises where the Acts apply. It is interesting to 
note the large expenditure on battery-chargingapparatus, 
due, of course, to the number of H.T. and L.T. batteries 
used for wireless work. The following figures relate to 
an isolated town formerly supplied by a privately owned 
supply company, and in this case the system of supply 
and the voltage were changed. Again meter costs are 
omitted and the ‘‘lamp’’ costs are for material only, 
the actual change being effected by the staff responsible 
for changing the meters :— 


Number of consumers T bs .. 817. 
Number of consumers, lighting only 617 
Number of consumers, power and lighting 50 
Number of consumers, lighting and heating 150 


Total power connected  .. is .. 125 kW 
Total number of motors .. sā .. 64 
Cost of new motors £1 750 
Cost of installation of above £1 250 
Cost of dental and medical apparatus £300 
Cost of vacuum cleaners .. £100 
Cost of battery-charging apparatus £350 
Cost of lamps à £1 030 


The cost of bringing consumers' lighting installations 
into line with the requirements of the Factory Acts 
amounted to £700. I would add that the value of 
second-hand lamps is very small, the best offer received 
for 10 000 being only £50, and the price obtained for 
the displaced d.c. motors was about 10s. per horse- 
power. Change-overs of these magnitudes take 6 
months’ preparation work and about 1 month to effect 
the change, the work being done in 5 or 6 sections with 
an interval of 4 days between each section. The number 
of areas changed over during the past 5 years is 14, 
and it is worth recording that the a.c. motors have 
proved very reliable and satisfactory and that very few 
complaints have been made by the thousands of con- 
sumers affected. 

Mr. G. S. Lisle (communicated): Iam glad to note that 
the authors emphasize the necessity for designing a 
system with facilities for expansion to deal with growing 
loads. The necessity for this has, I think, already been 
realized by most distribution engineers, but unfor- 
tunately it is difficult in some cases to convince those 
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responsible for the financial side of an undertaking that 
it is better to spend a little more in the first instance, 
and a smaller total amount, than to spend as little as 
possible now and a larger total amount. The authors 
show in Fig. 8 that a large proportion of the capital 
cost is accounted for by the Lt. distributors, about 
one-half of this cost being due to excavation, and it is 
the l.t. distribution which receives most attention when 
economies are necessary, with usually detrimental 
results to the scheme as a whole which has been prepared 
with the object of meeting future conditions. It is 
always possible to install in a substation a transformer 
smaller than that ultimately required, and as the load 
grows either to replace it by a larger one or to install 
an additional unit without appreciably affecting the 
total cost. This principle cannot be applied to the Lt. 
distribution owing to the high cost of excavation, and 
the cutting down of distributor sections to a minimum 
in the first instance usually results in the l.t. distri- 
bution ultimately costing more than it should. It 
must be realized that it is always difficult to anticipate 
future loads, whether in a city or suburban area, and, 
while it is always desirable to follow a preconceived plan, 

piecemeal extensions must to some extent always be 
required, especially as there is always a risk that antici- 
pated conditions may never materialize, and it is con- 
ceivable that a considerable amount could be spent on 
providing extra copper in places where it may never be 
usefully loaded, so that some caution is needed in 
arranging which distributors should be made larger, 
particularly in the districts where new buildings are 
expected or town-improvement schemes have been pro- 
posed. The latter are always liable to be delayed and 
altered from time to time. The authors state that it 
is the growth of domestic load which is the basis of the 
paper, but in city areas it seems to me that commercial 
developments will predominate, whether they are in the 
nature of additional load caused by rebuilding old 
premises, or extra connections in existing buildings. 
It must be borne in mind that the benefits to be obtained 
from the use of electricity have already been realized 
in the majority of business premises in city areas, and 
in some instances cities must be already fairly well 
* saturated '' on that account. I estimate that the load 
on the Newcastle l.t. network is of the order of 3 000 kW 
per square mile, but the figure of 15 per cent increase 
of load annually is, I think, too high for the third stage, 

and possibly for the second stage of a network which is 
supplying a city area and which in the past has been 
amply supplied, more especially in cases where the. 
initial load density is of the order of 4000 kVA per 
square mile. In this particular case this represents for . 
the third stage 3200 kW of additional demand per 
annum, and probably in a city area at least 6 400 kW 
of additional connections every year for a period of 
5 years in an area which, from its nature, expands 
only very slowly. Ithink that in general the increases 
should be in arithmetical progression and not geo- 
metrical, although probably in the denser portions 
of the area the increase would be arithmetical and in 
the more outlying portions geometrical. The authors 
have based their calculations on loads per square mile, 
but I think it would have been better if in the paper 


61 


962 


the load had been stated per yard, or per hundred 
yards, of distributor required to feed such an area. I 


think such a figure would be easier to visualize, par- 


ticularly in the residential portions of the area. It 
would be of interest to know what margin has been 
allowed in the calculations for uneven distribution of 
load, the diversity factors assumed for the various 
portions of the network, and what allowance, if any, 
has been made for the out-of-balance. The latter can 
be quite a serious matter on individual distributors. 
The allowance of 2 per cent for voltage variation on 
the h.t. system and transformers has apparently been 
applied to both the radial and interconnected systems, 
and to the alternative schemes of carrying the main h.t. 
distribution to the transforming centres, or providing 
an intermediate distribution pressure between the main 
h.t. system and the transforming centres. I do not 
think that this is quite right, and while it may be 
sufficient for an h.t. system laid down to deal with Lt. 
network loads only, it cannot be generally applied, especi- 
ally in areas where the h.t. system has to deal with large 
power loads in addition, unless other means of regulation 
are provided, and this does not appear to have been 
taken into account in deciding the '' standard '' scheme. 
From this point of view the radial system has advantages, 
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Mr. R. M. Longman : In the paper a period of five 
years is mentioned, and after an initial perusal of the 
paper I referred to that read by Mr. Woodhouse in 
1920-21.* It would appear that we have advanced 
another five years, and those who have to deal with the 
distribution of energy in large cities and large areas 
would do well to study first the one paper, and then the 
other. The authors have been careful to point out 
that they do not expect to find an absolutely standard 
town, but a thorough study of the figures, diagrams 
and conclusions will undoubtedly be of great assistance 
in the proper design and lay-out of a distribution system 
with provision for 15 years’ development. In the 
discussion on Mr. Woodhouse's paper Mr. Beard said 
that he noticed that Mr. Woodhouse emphasized the 
necessity for step-by-step development, and the present 
paper shows that he has not departed from that 
principle, but has, in fact, strongly supported it. One 
of the important points touched upon by the authors 
is the question of standardization, and, although I am 
aware that they have had considerable experience of 
other pressures, itis pleasing to note that they recommend 
11000 volts. In previous discussions the question of 
an intermediate voltage has been raised, but the authors 
do not recommend this. In this area we started with 
a certain amount of 2 000-volt network, and this did 
useful service during the development period ; it is no 
longer being extended but is being dropped whenever 
possible, and 11 000 volts is becoming the general dis- 
tribution pressure. On page 99 the authors refer to 
diversity and state that “the sum of consumers’ 
connected load is generally recognized to be of the order 
of 24 times the maximum power-station demand," but 

* Journal I.E.E., 1921, vol. 59, p. 85. 
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as it enables one regulator to be used for boosting the 
voltage of several transforming centres, which is per- 
missible, since the maximum demands on the individual 
transforming ` centres, and‘ consequently the voltage 
variation, occur at approximately the same time on 
each substation. Although I do not consider the allow- 
ance of 2 per cent for the drop on the h.t. distribu- 
tion system and transformers to be sufficient for the 
scheme where all the h.t. distribution would be done at 
33 000 volts, the scheme with the 11 000-volt inter- 
mediate distribution pressure would require about 1 per 
cent additional allowance, so that only 5 per cent would 
be available for the drop on the l.t. network if regulators 
were not used. It would be interesting to know whether 
in the case of the radial system the 2 per cent allowed 
in the paper for the whole variation on the h.t. system 
covers the condition of one of the two parallel feeders 
being out of commission for maintenance and repairs. 
The authors suggest for the type “ D ” area that 1 350- 
kVA transformers should be used, but it is conceivable 
that there will be considerable difficulty in handling a 
transformer of this size in an underground substation. 


(The authors’ reply to this discussion will be found on 
page 969.] 


LEEDS, 11 JANUARY, 1927. 


I think that figure ought to be somewhere in the nature 
of 8or10. In residential districts the maximum demand 
of an individual house may be taken as 50 per cent of 
the total connected load. In addition there will be 
a diversity of 4 or 5. That will give the demand on 
the station as about 4th or 4lth of the sum of the 
connected loads. Possibly the authors were not referring 
to that particular class of supply. The authors only 
mentioned 4-core distribution, and apparently the 
question of street lighting, which is of considerable 
importance, has been overlooked. This can be remedied, 
however, by the use of 5-core cables, which has become 
our standard. The addition of this load should improve 
the load factor of the system. It is of interest to note 
that the authors do not recommend the use of regulators 
on the low-tension distributors, and I fully agree with 
this attitude. When recently examining the possi- 
bilities of installing such apparatus the cost proved 
prohibitive, and the money would be much better spent 
in providing new substations for feeding into the net- 
work. The proper place to insert regulators is on the 
11-kV side, and as only 2 per cent has been allowed bv 
the authors for the drop in the high-tension cables and 
transformers, some means of voltage regulation is 
implied. In laying down a distribution system for 
cities or urban areas it would be best to provide a few 
radial feeders with interconnectors to form a ring main. 
say one radial feeder to every four substations ; as the 
load develops, more additional-radial feeders would be 
provided to feed into the ring. Care must be taken to 
avoid bunching the mains, as such an arrangement leads 
to a decrease in their safe loading and there is the 
additional risk of a serious fault or local disturbance, 
such as subsidence, affecting more than one main. 
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In the diagrams shown of the radial system, although 
no switches are provided on the transformers I presume 
that some disconnecting link would be provided. In 
this connection it may be of interest to note the pro- 
portion of faults occurring on transformers and mains. 
On a system containing approximately 700 transformers 
there were four transformer failures in one year. Two 
of these were undoubtedly due to the age of the trans- 
formers, 20 years, and these should have been scrapped 
before on account of their largely increased iron losses. 
The position regarding cables is equally satisfactory. On 
a total length of at least 350 miles of high- and low- 
tension mains there were 11 faults, 9 of which were on 
the low-tension side, and these of course would affect 
only a small number of consumers. This number is 
more than usual, probably due to rushed work under 
difficult conditions. From a consideration of the above 
figures I am able to agree with the authors’ recommenda- 
tion to omit automatic switchgear on transformers 
on the high-tension side for the system which they 
recommend. As an alternative to the provision of 
reverse-power relays on the low-tension side of trans- 
formers, consideration might also be given to the use 
of core-balance current transformers with leakage 
relay. These would operate in the case of a fault on 
the low-tension side of the transformer, cutting it off 
from the system. To give an idea of the probable 
development in city areas, I think that the demand in 
the city of Leeds will ultimately be of the nature of 
200 000 kW. 

Mr. E. S. Bolton: In estimating for future load 
on a distribution system would the authors lay a cable 
of sufficient copper section to serve for 15 or 20 years, 
in order to avoid the necessity of putting down larger 
cables from time to time? In their opinion are under- 
ground substations much cheaper as regards mainten- 
ance than substations built on the ground? It will 
probably be more practicable to erect underground 
substations than overhead. Also, would the authors 
prefer all transmission to be overhead rather than 
underground ? 

Mr. S. R. Siviour : As much of my work has been 
among thinly populated and scattered areas I can 
agree with the authors' note on page 98 that the problem 
in rural areas is a very different proposition. At the 
same time the general outline of this paper can, even 
in such areas, be followed more or less. For instance 
we have our long, straggling villages and small towns— 
I know of one where the main street is nearly 2 miles 
long and there is not a single side street off that main 
street more than 300 yards long—and the solution is 
the same. A substation is erected at or near the centre 
and a reasonable amount of copper is used, until the 
load grows and voltage regulation becomes difficult. 
The number of substations is then increased at approxi- 
mately equidistant points, and the distribution copper 
suffices for four times the load. Thus the same prin- 
ciple applies in the case of rural distribution as in 
the city and heavily loaded districts. On page 100, 
alternative types of distribution are given. I think 
we can agree that the distributor type is generally 
more applicable and economical, particularly so in 
thin areas. 


I am sorry to see that when referring . 
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to low-voltage cables on page 101 the authors make no 
qualification of their opinion that it is desirable to have 
the neutral the same size as the phase conductor. I 
agree that in the smaller distributors it is advisable 
to have all cores of the same size, but for distributors 
of 0-10 sq. in. or larger the use of a smaller neutral is 
economical. We are all laying down many miles of 
low-tension distribution cables and the saving by the 
use of a smaller neutral in the larger cables is worth 
having, but I agree that it depends largely upon good 
balancing of the load. Referring to the authors’ point 
that the use of unarmoured cables for service work 
leads to economy, I should like to say that experience 
with this type of cable shows that it is not so much 
any damage after the cable is laid that we have to 
fear, but damage done whilst the cable is being laid. 
In trench-filing operations the navvy apparently 
gives no thought to the cable after he has covered it 
with soil, and as he does not riddle the soil one is liable 
to find—assuming he does his punning in the usual 
vigorous way—that a sharp stone has been pressed into 
the cable. We actually had one or two faults on 
such cables from which we pulled stones. The authors 
give a timely warning in regard to the type of ground 
in which unarmoured cables should be laid. We have 
had cases where all the agents for perfect chemical action 
were present, with the inevitable result. The notes 
on page 105 of considerations leading up to the decision 
that 11 kV is the most useful distribution pressure 
are very much to the point, so far as the delays likely 
to occur on higher-pressure systems are concerned. It 
does not seem to be realized that a 33-kV main would 
probably be out of commission for at least two days 
when a fault occurs, and that is assuming the best 
conditions. The joints on 33-kV cables are now generally 
pressure-filled and this method, even under the most 
favourable conditions, means time for cooling and in- 
volves a period of about 24 hours. That would be 
serious where continuity of supply is so essential. It 
will be agreed that a pressure of 11 kV has much to 
commend it for high-pressure distribution. 

Mr. R. A. S. Thwaites : I have studied the paper 
from the point of view more of a sales engineer than 
of a mains engineer. On the question of diversity 
I agree with a previous speaker that, at any rate for 
residential districts where the proportion of power load 
on the low-tension cables is not large compared with 
the domestic load the average figure (based on connected 
load) is probably more like 5 to 1 than 2} to 1, and on 
this basis the cost of cables can be reduced. Nearer the 
centre of a city, where there are a number of motors 
connected to the low-tension network, the figure of 
24 to 1 would be about right. Fig. 5 is valuable as a 
guide in framing tariffs, as it enables one to determine 
what should be the tendency of the charges as the density 
of load develops. It also emphasizes the high costs 
of distribution in rural areas. With the authors' 
remarks on the question of standardization of supply 
systems I am sure we are all in entire agreement, and 
it is very gratifying to know that the Council of this 
Institution are giving special consideration to the matter. 
Possibly manufacturers could be persuaded that it 
would be in their interests to offer a special preference of, 
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say, 10 per cent in the case of apparatus designed 
for standard yoltage. Consumers in non-standard 
districts would then bring pressure to bear on 
their supply undertakings, doubtless with beneficial 
results. 

Mr. A. Pickersgill : I am particularly interested 
in the paper, as I am at present changing over the whole 
of our area to the standard-voltage a.c. system. I have 
five substations which are about 1 032 yards apart, in 
the form of a ring main. They are interconnected 
through devices for protection, and in each substation 
there is a 200-kW transformer and low-tension oil- 
immersed switchgear. Feeders radiate to centres, to 
feeder pillars, and are so arranged that any feeder 
pillar can be interconnected to any substation through 
link boxes in the distributors. For this purpose I 
obtained from the Electricity Commissioners a loan 
for special interconnecting mains. Large power con- 
sumers are supplied at 11 000 volts from the main sub- 
stations direct to their own transformer stations, of 
which there are eight. I have developed this system 
on lines similar to those described by the authors. I 
calculated the loads that were likely to arise on the 
network in each area, based on my experience of 25 
years of the old system. I have taken out the old net- 
work, and I have laid 4-core cables at least 2 to 24 times 
the size of those used in the old 3-wire system. I think 
that was a good policy because the excavation and 
laying costs to-day are very great compared with 
the cost of the cable, and one has to look forward to 
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Mr. J. Mould: I am in complete accord with the 
authors’ views in regard to the probable rate of develop- 
ment of load. In the city of which I have experience 
the magnitude of the maximum demand on the generat- 
ing station has increased 24 times in the past seven 
yeais, and the domestic load is developing at a greater 
rate. Ihave forsome time had experience in the develop- 
ment of an l.t. network on lines very similar to those 
proposed by the authors, and it has been my practice 
to use only four sizes of 4-core cable, all cores being of 
equal cross-section up to 0-15 sq. in., above which size 
the earthed conductor has had a cross-section equal 
to half that of each remaining core. The distributor 
type of l.t. network is the most satisfactory in districts 
where the load density is uniform, but in industrial areas 
the density often shows extreme variation over quite 
small areas, and then a compromise between the dis- 
tributor and feeder types of network often proves the 
most satisfactory. It has been my experience that 
sites for transformer centres are extremely difficult 
to obtain, the average period for negotiation of purchase 
being approximately one year. It often proves im- 
possible to obtain sites in the theoretically desirable 
positions, and in this connection the information given 
by Figs. 5 and 6 indicating that transformer centres 
may vary by approximately 0-1 mile from the theoretical 
spacing with a variation in total cost of only 2] per 
cent, is reassuring. I have recently had to arrange 
networks for the supply of several municipal housing 


the higher density per yard of distribution which is 
certain to obtain in a few years. 

Mr. J. Aylmer: A previous speaker referred to the 
question of laying down ample copper at the start. 
That brings me to the question of Fig. 5, in which 
the authors give a minimum-cost curve showing the most 
economical spacing of transformer centres for different 
load densities and for an increase in loading of from 
1000 to 2000 kVA per square mile, the reduction in 
spacing being only from 0-7 down to 0-6 mile. If 
ample copper were laid down in the first place, would 
it not be a better proposition to put in, say, a 1 000-kVA 
transformer and leave sufficient space to replace it by 
a 2000-kVA transformer later on? It apparently does 
not accord with the condition of minimum cost to double 
the number of substations and halve the distance between 
until a loading of eight times the original is obtained. 
On the question of standardization, from the point of 
view of manufacturing it seems to me that there are 
so many different systems, types of substations and 
varieties of apparatus still employed by different under- 
takings that a useful purpose would be served by having 
an Informal Meeting some time later in the session, 
or next session, to discuss these different types of sub- 
stations and so assist towards the principle of standard- 
ization and, in so doing, assist manufacturers in designing 
the most popular form. 


(The authors’ reply to this discussion will be found 
on page 969.1 
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estates, and, with a view to ascertaining the probable 
ultimate load density, a portion of such an estate in 
which every consumer had an electric cooker was 1so- 
lated to one transformer centre, and particulars of the 
load were observed. The maximum demand occurred 
on Sunday at 12.30 p.m. and showed a diversity factor 
of 5:8 [(kW of cookers installed)/(maximum demand 
on transformers)]. The average load per consumer 
on the peak was 0-73 kW, and this gives a load density 
of 4500 kW per square mile. In designing networks 
for areas of this class it appears to be advisable to 
assume that the maximum demand will increase owing 
to probable reductions of tariff and appreciation of 
the convenience of domestic supplies, and it would 
appear that ultimate saturation will be likely to take 
place at approximately 4000 kW per square mile. 
The radial parallel-feeder high-pressure system favoured 
by the authors reduces the expenditure on high-pressure 
switchgear to a very small figure, but in order to attain 
this end the whole system of cables and transformers 
is, under normal conditions, worked at 66 per cent 
of its continuous capacity. The expense involved by 
the installation of duplicate feeders in parallel does not 
appear to be justifiable, in view of the reliability of 
modern high-pressure cables and transformers. All the 
high-pressure cables at Leicester have test sheaths 
which are tested each day while the cables are on load, 
and warning is thus obtained of faults in the lead sheath, 
etc. During the past seven years only two high-pressure 
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cable failures have been experienced, each being due to 
steel wedges being driven into cables during road work. 
During the past year some 20 faults to the lead sheaths 
have been located and repaired without any cable 
failure. I have found it possible to maintain a quite 
reliable supply with a high-pressure network which is 
a compromise between those shown in Fig. 3, using 
single radial feeders in many cases. The use of single 
radial feeders of course necessitates switchgear additional 
to that shown by the authors, and it is necessary so 
to design the system that all oil circuit-breakers are of 
sufficient capacity for the duty imposed upon them. 
I have recently favoured a system whereby several 
single feeders radiate from the main substation. Each 
feeder is usually connected at its extremity with two 
other radial feeders by means of a feeder forming an 
arc of a broken ring main. The broken outer ring main 
is approximately 66 per cent of the length of the complete 
ring, and has a cross-section slightly less than each of 
the individual radial feeders. The system is normally 
operated with the extremities of the radial feeders 
disconnected. Each radial feeder is controlled by an 
oil circuit-breaker at the main substation arranged with 
instantaneous overload and earth-leakage trips. The 
feeder is sectionalized at each transformer centre by 
links only. Each transformer is connected to the feeder 
by means of an oil circuit-breaker provided with earth- 
leakage and overload trips, and with a special trip gear 
so arranged that on fault or overload the trip-coils 
instantaneously release a latch, bringing into play a 
mechanism which unlatches the oil circuit-breaker 
after a period of 1 second. All transformer circuit 
breakers have a uniform rupturing capacity of 25 000 
kVA, but the oil circuit-breakers controlling feeders 
at the main substation are arranged suitably to meet 
the worst possible fault conditions. The trips of the 
transformer circuit breakers are suitably set for the 
protection of the transformers, but the trips on each 
main feeder circuit breaker are set for a minimum 
fault of 25 000 EVA. The special features of this system 
are :— 


(a) Oil switches are only called upon to deal with 
faults within their rupturing capacity. 

(b) The transformer circuit breakers have small 
rupturing capacity and are quite inexpensive. 

(c) In the event of a transformer fault of greater 
magnitude than 25 000 kVA the fault is passed 
on to and ruptured by the main substation 
switch, the transformer switch afterwards 
opening automatically. 

(d) After condition (c) the main substation switch is 
immediately reclosed and all parts of the system 
other than the faulty transformer are im- 
mediately in service. 

(e) Transformer faults up to 25 000 kVA are ruptured 
by the transformer circuit breakers. 


With test-sheath cables, feeder faults are rare and 
can be dealt with by means of the interconnecting cables 
already described. I have not found it necessary to 
provide duplicate transformers, transformer failure 
usually being met by supplies through the low-pressure 
network from adjacent transformer centres. With the 
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radial-feeder system advocated by the authors a trans- 
former fault renders 50 per cent of the feeder and plant 
inoperative, the whole of the remainder being over- 
loaded 334 per cent, but with the system I advocate 
the only portion of the system permanently affected 
under these conditions is one transformer. Again, 
though the authors’ system would appear (on paper) 
to be more free from interruption by high-pressure feeder 
faults, I am of opinion that in practice the alternative 
system would be found to equal it in this respect and to 
be more flexible and easier to operate. In conclusion 
I would emphasize that I cannot agree with the authors’ 
views in regard to the reliability of high-pressure switch- 
gear. If switchgear is properly chosen in regard to 
rupturing capacity, and the tripping arrangements are 
carefully considered, it gives a very high order of re- 
liability. It is further to be noted that a great deal 
can be accomplished by so developing the high-pressure 
system and controlling the maximum size of main sub- 
stations, that the rupturing capacity required at the 
main substation busbars may be kept within reasonable 
limits. 

Mr. T. R. Smith : One of the authors used the word 
“luxury ’’ in connection with the extended use of 


Fic. B.—50-kVA, 2 000/200V, single-phase, 50-cycle buried 
transformer. 


electricity for domestic purposes, but I think the word 
'" necessity °’ would far better meet the case. The 
present efforts towards standardization of the type 
of supply are long overdue, and should secure universal 
co-operation. In Leicester the domestic load has been 
encouraged by special tariff and hiring facilities, and the 
sudden increase of the demand occasioned thereby in 
residential districts, rendered necessary some method 
of rapidly expanding the capacity of the existing network. 
The existing system consisted of 2 000-volt single- 
phase feeders to underground transformer chambers, 
with 200-volt low-tension distribution. The means 
adopted to expand the system consisted of extremely 
frequent linkages of the 2 000-volt and 200-volt mains 
by means of oil-immersed transformers, the tanks of 
which are buried direct in the earth. This practically 
amounts to a 2 000-volt distribution system. Fig. B 
indicates the method of burying the transformer, to- 
gether with the manhole cover for inspection. Fig. C 
indicates the observed temperatures of the transformers 
on different load factors when buried in perfectly dry 
earth. The transformer is of 50 kVA capacity and is 
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protected on the 2000-volt side by an oil-immersed 
plug-type fuse, and on the 200-volt side by a 4-way 
fuse distribution box. Fig. D represents a portion of 
the standard network in a district where the houses 
are of the artisan class and where each house contains 


Max. temperature 


l 20 30 40 50 
Percentage load factor 
Fic. C.—Temperature of 50-kVA, single-phase, 2 000/200V, 
60-cycle, oil-immersed, buried transformer at various 
load factors. Earth temperature 53? F. 
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Fic. D.—Section of low-tension, 200-volt, single-phase dis- 
tribution network to meet demand of 1 kW per consumer. 
Houses of the artisan class. 


an electric cooker. I have now had transformers of this 
type operating on full load for a considerable period with 
very satisfactory results, and the facility so obtained 
for rapid expansion of the system is most valuable. 

Mr. L. M. Jockel: Mains engineers as a whole are 
finding it almost impossible to keep to the + 4 per cent 
voltage limit. Are not the authors of the opinion that 
the limit should be fixed at + 5 or + 6 per cent, this 
being a much more suitable figure? The 5 per cent 
figure would only mean 12} volts on 250, or 114 on 230, 
and would tend to cheapen distribution networks. 
No mention is made as to the present permissible 
variation of frequency. This is of particular importance, 
and there are great variations of load on a large power 
system. With regard to the paragraphs on pages 103 
and 104 with reference to the distribution system lay- 
outs, while it is of course necessary to design a system 
on the kVA basis, on the other hand it is very difficult 
to estimate power-factor conditions. The question of 
power-factor characteristics does sometimes arise, and 
I have a case in mind where, after the whole distribution 
system had been laid, it was necessary to modify the 


transforming sub-centre arrangements very consider- 
ably in order to obtain a better power factor on the system 
and improve the voltage regulation. The authors have 
been very fair regarding radial versus interconected 
systems, and each case must receive individual considera- 
tion. Although an interconnected system appears to 
possess great advantages, the number of switches 
and their cost and capacity may become serious, whilst 
the tripping of healthy sections under fault conditions 
is by no means unknown on large interconnected net- 
works. With regard to the development of load in 
the future, I noticed a point here with regard to load 
density. I think I am correct in saying that some 
figures were published about 2 years ago in the United 
States where, in a certain square mile in the New York 
area, the peak load had reached a concentration of 
250 000 kW per square mile. 

Mr. D. D. Rayner : On page 110 under the heading 
' Comparison of Standard System with the Direct- 
Current System ” I think the authors are rather optimis- 
tic in the value they assume for power factor, viz. 0-85, 
which makes such a comparison misleading. A few 
years ago the discussion on a paper by the late Dr. 
Kapp on “ Improvement of Power Factor” * elicited 
the fact that a fairly average power factor was of the 
order of 0-6. Mr. Pearce expressed surprise and in- 
formed the meeting that the average power factor on 
the Manchester system was about 0-85, which, he was 
careful to explain, was due to a good d.c. load, this 
supply being obtained through convertors. If this is 
the case, then some allowance for this lower power 
factor must be made in the diagram of comparative 
costs, either by an increase in the items for cable in 
the standard system proposed, or alternatively, for 
power-factor-correction equipment. It will then be 
found possible for the cost to be considerably in excess 
of that of the d.c. system, and I do suggest that a com- 
promise is necessary to effect a most economical electric 
power supply, viz. generation and transmission by 
alternating current (high voltage), and distribution bv 
direct current (low voltage). By some such scheme it 
would be possible to operate the a.c. system entirely at 
unity power factor, which is obviously the most 
economical arrangement, thus obtaining maximum 
kW output from the generators. The a.c. mains would 
be arranged for carrying the maximum energy instead 
of partly wattless current, and, in the case of power 
consumers, better motor-drive facilities would be given, 
with the irritating variety of tariffs based on kVA, etc., 
eliminated. Taking these main factors into considera- 
tion, I feel bound to accept this procedure as a sound and 
economical proposition until a strong case is made out 
for low-voltage a.c. distribution, and I should be glad 
to know whether the authors have looked into the 
question of additional cost of power-factor-correction 
equipment or, alternatively, the saving in the cost of 
generators for supplying the same energy at unity power 
factor. 

Mr. W. Moore : I am quite in agreement with the 
general principles laid down in the paper, and as a matter 
of fact we in Nottingham have been developing for the 
past few years on the lines indicated. I do not think 
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it is a practicable proposition to change over large city 
areas from direct current to alternating current, owing 
to the enormous cost that would be involved, but there 
are in Nottingham several outlying residential districts 
on the fringe, as it were, of the d.c. system, which are 
at present supplied with direct current, and which, 
from the distribution point of view, could with advantage 
be changed over to alternating current. In connection 
with this I should like to ask the authors whether they 
have any experience of the heating and other losses 
that would be incurred by putting alternating current 
on single-conductor, lead-sheathed and  steel-taped 
service cables. The service cables in question are 
between 5 and 50 yards in length, and there would be 
perhaps 200 services to be ehanged over. We ourselves 
have made experiments, and it would seem that the 
losses are negligible, having regard to the load that is 
likely to be used on the services, but I should like con- 
firmation of this. It would save the consumers a good 
deal of inconvenience if these single-conductor services 
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could be utilized, otherwise the ground must be opened 
and the gardens and paths disturbed in order to put 
in twin cables. 

Mr. J. F. Driver : I gained from the paper the im- 
pression that supply engineers are not even yet suffici- 
ently optimistic as to what the domestic load is likely 
to be within the next 10 years or so. In my opinion, 
once consumers can be persuaded to take electricity 
in bulk, say on the rateable-value basis of charging, 
they will quickly acquire the ‘“‘ electricity habit," and 
their consumption is bound to increase. This would 
follow from my own experience. The consumption in 
my house (which is by no means large) is now 12 000 
units per annum and shows every sign of increasing ; 
therefore the problem as to the amount of copper 
likely to be laid down in the form of cables will probably 
grow rapidly more difficult in the near future. 


[The authors' reply to this discussion will be found on 
page 969.) 
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Mr. C. G. Morley New: The paper is an important 
one, particularly in view of the new Electricity (Supply) 
Act. Sooner or later a very large number of the present 
undertakers will be receivers in bulk and therefore 
more particularly concerned with distribution. There 
will also be a tendency towards a general levelling up 
in generation costs, and undertakings aiming at efh- 
ciency will have to look to distribution. One of the main 
objects of the paper is to show how to reduce the costs 
of distribution, and standardization is put forward 
as a means to this end. The problem of standardization 
is, however, a big one, and I do not see much hope 
for its achievement unless some compulsory methods 
are resorted to, and I do not think that this is likely. 
The problem of standardization of voltage must be 
looked at from the point of view of the individual 
undertaking. Without doubt a case can always be 
made out for an individual undertaking to have but one 
frequency, and similarly it might be argued that it is 
desirable in the case of large areas, if not the entire 
country, under the schemes of bulk generation which will 
apply some timeinthefuture. Inregard to the standiza- 
tion of voltage, I do not agree that the individual under- 
taking can be expected to standardize its distribution 
voltage, as the economy to be effected is of a doubtful 
character. I do not consider that the case for 
standardization of voltage has been made clear, however 
desirable it may be from a technical standpoint. I 
agree that there is nothing to prevent the standardiza- 
tion of transforming units, in regard to size, voltage 
taps and reactance. With regard to the cable question, 
I should like the authors to consider whether it is 
worth while in many streets in a residential area to 
lay more than 2-core cables, balancing these at section 
pillars on the 4-wire network. Also, have they con- 
sidered providing 2-wire services only and simplify- 
ing and reducing installation and meter costs ? With 
regard to the placing of circuit breakers on the low- 
tension side of transformers, my practice in the case of 


single transformers is to place a circuit breaker on the 
incoming side, linking up solid to the low-tension bus- 
bars; to place one on the low-tension side as well 
seems to me to be putting in more circuit breakers than 
are necessary. Ishouldlike to draw particular attention 
to the amount spent on the distribution side of an 
undertaking. Engineers often spend more time on 
the problems of distribution than they do on genera- 
tion. Generation is tending to become standardized, 
but a great deal of money is spent on distribution 
the amount of which the ratepayer never seems to 
realize. | 

Mr. W. J. Bache: I am now redesigning the dis- 
tribution system at Cheltenham, and the information 
contained in the paper has been very useful to me. 
The figures for load density quoted by the authors are, 
however, far above those which concern Cheltenham ; 
indeed, my system at Cheltenham hardly reaches the 
lower figures quoted in the paper. The voltage at 
Cheltenham is 200, but I quite agree as to the need for 
standardization. | 

Mr. D. Jenkins: There is a danger in applying 
the authors' results to a given case, because in arriving 
at them they have necessarily been compelled, in 
investigating the effect of any given variable factor, 
either to eliminate the others or assign arbitrary values 
to them ; and, as these premises have not been disclosed, 
the value and the applicability of the conclusions are 
lessened. For this reason I suggest that the authors 
should, in their reply to this discussion, give in detail 
the expressions from which each of the families of 
curves given in the paper have been plotted and the 
exact premises and arbitrary values on which the 
expressions have been based. 

Mr. T. H. Haigh: The paper deals with city areas 
where the load density is from 1000 kW per square 
mile upwards. In the various villages and small 
townships supplied by the South Wales Electric Power 
Distribution Co. the load density is in the neighbourhood 
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of about 100 kW per square mile, and the square mile 
is about 16 miles long. This might be described as 
the linear mile and is rather different from the city in 
America mentioned by the authors where the density 
appears to be measured per cubic mile. The use of 
low-tension fuses for feeder protection has been dis- 
continued by the South Wales Power Co. and their 
place has been entirely taken by automatic air-break 
circuit breakers, which have proved very satisfactory. 
I think it is false economy to try to economize unduly 
on feeder protection. 

Mr.F.A. Ellis : In regard to the laying of unarmoured 
cable direct in the ground, which the authors propose, 
do they intend to provide for the protection of this 
cable by the laying of cable boards or suitable covers ? 
It seems to me that to lay unarmoured cable direct in 
the ground, even in the case of rural supplies, without 
any regard to the nature of the sub-soil to be met with, 
is to ask for trouble. Another point that I should 
like to raise is again mainly relative to the develop- 
ment of a rural supply. Generally speaking, the power 
supply for the area is controlled by the electrical 
engineer for the district, while the street lighting comes 
under the jurisdiction of the public works department. 
Would the authors favour running a separate cable 
for the street lighting, or would they include it 
with the general distribution cable, thus incorporating 
a fifth wire? Again, regarding the development of 
rural areas, do not the authors agree that to build a 
kiosk is a better method of tackling the distribution 
centre question, waiting until the area has developed 
sufficiently before building a costly substation ? On the 
question of the development of rural supplies, more 
particularly where such supplies are afforded in bulk 
for local distribution, I submit that costly high-tension 
metering could be avoided by metering on the low- 
pressure side of the transformers and allowing a reason- 
able amount for transformation losses, which losses 
could be added as a percentage to the meter readings. 
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Sir Arthur Whitten Brown: The authors state 
that manufacturers should lower the price of all standard 
domestic apparatus, but I contend that the price of 
all non-standard apparatus should be raised. The 
only thing.that will bring about any general reduction 
in price will be a great increase in the demand for the 
goods, and if this is forthcoming it does not matter 
greatly whether the voltage is standardized or not 
for domestic purposes, since that portion of such appara- 
tus directly affected by the voltage usually bears a 
very small proportion of the total cost. 

Mr. A. Bremner: In my opinion the paper is 
quite good as an ideal, but I go so far as to say that 
the only current worth distributing in a central area is 
that supplied through a 3-wire direct-current system 
at a pressure of 230/460 volts, and this system should 
not be-departed from. Nearly all large cities, not 
only at home but abroad, originally installed and 
continue to use such a system, and after many years’ 
experience it has been found to be most satisfactory, 
especially for small power loads, lighting, lifts and 
printers’ works, and of course the supply to trams is 
always direct current. Continuity of supply is essential. 
A total shut-down in the busy centre of a town is a 
disaster, but this disaster may be minimized by the 
use of a storage battery in connection with a direct- 
current supply, and it follows, of course, that the initial 
expense of a battery is always justified. Having stated 
that direct current is, in my view, the only current 
worth distributing, naturally any idea to superimpose a 
4-wire three-phase alternating-current system seems to 
me to be unnecessary and impossible, if only on the score 
of expense. For outlying districts an alternating- 
current system probably can more easily be justificd 
and there is no question that for bulk supply to large 
works it can be. 


(The authors' reply to this discussion will be found on 
page 969.) 


ADDITIONAL COMMUNICATION TO THE DISCUSSION. 


Mr. E. V. Clark (communicated) : A pointof economy 
in lay-out not referred to by the authors is the staggering 
of transformer centres on h.t. feeders on parallel roads. 
Fig. 2 (a) shows that with centres 1 mile apart, arranged 
chessboard fashion, the most distant consumer is 1 mile 
from a centre, along rectangular roads. But if centres 
1 mile apart on each h.t. feeder route are staggered 
$ mile on adjacent feeder routes, thus giving a diamond 
pattern, then with the same number of centres the 
most distant consumer is only 3 mile from a centre, 
with consequent improvement in voltage regulation. 
This arrangement lends itself equally well to develop- 
ment, giving rise to a Stage II identical with that of the 
authors, though requiring a little coupling, as well as 
severing, of main distributors. When Stage III must 
be started upon, the staggered arrangement may again 
be adopted, with corresponding improvement in regula- 
tion. Naturally, the ideal arrangement, whether chess- 
board or staggered, cannot be adopted in its entirety 
in any actual town, but whatever staggering can be 
given is all to the good. One anomaly in the authors' 


standard system is that the lay-out of a type “B” 
area at the end of Stage I is very different from that of 
a type ‘‘ A" area at the end of Stage II, though the loads 
to be dealt with are identical, and in view of the state- 
ment on page 107 that the cost of a later stage is only 
slightly greater than the cost of a system designed for 
that stage, it would appear that a considerable departure 
from the standards laid down in the paper may be 
permitted—as of course would be necessary in any actual 
area—without much increase in expense. Fig. 1 (a), 
which presumably is meant to be diagrammatic and 
nothing more, appears to me to be very unfortunate, 
in that the feeder type of lay-out illustrated is totally 
at variance with good practice. The ideal of letting 
each feeder serve an area approximately square in shape 
is totally ignored; and though there are advantages 
in making the shorter feeders longer than necessary, 
in order to assist toward equal drop in feeders, yet 
without any increase in maximum distributor drop 
the most distant feed-points shown might be brought 
appreciably nearer to the centre, with saving both in 
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feeder drop and in feeder copper. In general it 
appears to be the case that where extra copper has 
to be used to avoid excessive drop in the dis- 
tribution, economy in copper results from the adoption 
of a feeder type of distribution, instead of adding 
copper to the distributors, since the voltage at the 
centre may thereby be raised, though naturally at 
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the expense of increased copper loss. With the 
authors’ conclusion that for areas such as those under 
consideration a distribution type of lay-out is superior 
to the feeder type I do not disagree; but those who 
prefer a feeder type will hardly be impressed with 
arguments which give Fig. 1 (a) as being typical of 
that system. : 


THE AUTHORS’ REPLY TO THE NEWCASTLE, LEEDS, NOTTINGHAM AND CARDIFF DISCUSSIONS. 


Messrs. J. R. Beard and T. G. N. Haldane (in 
veply): The discussions show that the advantages of 
standardization of voltage are generally agreed. The 
only discords in the harmony of agreement come from 
Mr. Gibbins and Mr. Morley New. Mr. Gibbins rather 
illogically argues that because distribution costs form 
the major portion of the total cost of supply any attempt 
to standardize the distribution system will prove too 
costly. We think he overlooks the corollary that the 
saving which may be effected will be correspondingly 
great. The best reply which can be made to Messrs. 
Gibbins and Morley New comes, we feel, from the manu- 
facturers whose representatives have in the various 
discussions been almost unanimous as to the savings in 
the cost of apparatus which may be effected by standard- 
ization of voltage. The one exception 'is Sir Arthur 
Whitten Brown, who appears to us to be unduly de- 
spondent as to the saving to be effected in the cost of 
domestic apparatus, due to standardization of voltage. 
We think he overlooks the large reduction which would 
be effected by the smaller stocks which it would be 
necessary to carry if the voltage were standardized— 
a point on which Mr. Palmer laid much emphasis in the 
Manchester discussion. 

Load densities. —Some of the criticisms of our paper 
have come from speakers who do not seem to us always 
to have kept in mind the very high load densities which 
we believe the future will bring and for which the paper 
legislates. We are glad to find, however, that there is 
general agreement that the load densities we have 
assumed are not excessive. Mr. Crompton and Mr. 
Lisle agree with our Table for areas A, B and C, but 
are doubtful whether in the case of type D area a 15 per 
cent per annum increase of load will hold true. In view 
of the very high load densities which do actually occur 
in certain areas, we see no reason why areas which 
reach 4000 kW per square mile should not continue to 
increase at 15 per cent per annum for many years to 
come. The high load densities which we considered in 
the case of type D area occur not only in the large 
cities of America but also, as was shown in previous 
discussions, in the central areas of the large cities in 
this country. It is true that in congested areas the 
number of buildings does not increase, but, on the 
other hand, as the property becomes more valuable in 
central city areas there is a tendency not only to build 
upwards but also to erect buildings fitted with every 
possible electrical device conducive to comfort and 
convenience. In this connection there is a great deal 
of truth in Mr. Haigh’s jocular remark that in American 
cities the density should be measured in kilowatts per 
cubic mile rather than per square mile. 


Mr. Lisle 


expresses the wish that our figures for load density had 
been in kilowatts per 100 yards of distributor. In 
reply to a previous discussion we have, however, given 
our load densities in this form. ‘The figures which Mr. 
Driver gives for his own consumption of electricity 
show to what magnitude the consumption can grow 
under favourable conditions. In the home of one of 
the authors where a cheap supply is available from a 
private hydro-electric scheme the consumption for last 
year reached the figure of 65 000 units, or approximately 
6 000 units per head per annum. . 

Diversity.—Messrs. Longman, Thwaites and Mould all 
point out that the diversity of 2:5 which we have 
assumed is too low. We would refer these speakers to 
the table of diversities which we have already given in 
reply to a previous discussion, and we would point out 
that the figure of 2:5 to which reference is made is for 
the total connected load and not merely the load 
supplied from the low-voltage network. 

Voltage and type of curvent.—We are glad to find that 
the majority of the speakers agree as to the advantages 
of alternating-current over direct-current distribution. 
Mr. Vernier and Mr. Lambourn in particular emphasize 
the saving in maintenance costs which will undoubtedly 
be realized by the more general use of alternating 
current. Only two speakers, Mr. Rayner and Mr. 
Bremner, do not agree with our recommendations in 
this respect. Mr. Rayner bases his case for direct- 
current distribution on the power-factor difficulties 
which may arise with alternating current. Mr. Rayner 
states that the average power factor of a.c. distribution 
systems is of the order of 0°6, but even if this is so the 
important figure is the value of the power factor at the 
time of peak load. So far as domestic supplies for 
lighting and heating are concerned the power factor is, 
of course, approximately unity, and in dense areas 
having a mixed domestic and small power load the 
average power factor at times of peak load is generally 
in the neighbourhood of 0-85, although at other times 
it may be lower. In particularly bad cases where power 
factor is below the average, the cost of installing 
power-factor-correcting plant would certainly be very 
much less than the addition to the distribution costs 
through the use of direct current. Mr. Bremner bases 
his argument in favour of direct current on the fact 
that nearly all large cities not only at home but also 
abroad originally installed and continue to use a direct- 
current system. We fear we must disagree with 
the deduction which Mr. Bremner draws from this, 
because many cities both in this country and abroad 
are at present engaged in changing portions of their 
system from direct to alternating current and, un- 
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doubtedly, nany more would do likewise but for their 
inability to face the initial cost of the change-over. 
We are confident that in all cases in which the choice 
of system is not prejudiced by any existing system, 
distribution in the future will be carried out with alter- 
nating current whatever the load density is likely to 
be. As regards the question of continuity of supply 
and the use of batteries, raised by Mr. Bremner, we 
would refer him to our reply to the London discussion 
(see page 121). 

Mr. Lambourn favours a standardization of voltage 
at 450/250 because of the saving of 2 per cent which we 
mention in our paper. We have, however, already 
discussed, both in our paper and in the reply to previous 
discussions, why it hàs been expedient to adopt the 
lower voltage of 400/230. Mr. Lambourn also suggests 
that a very considerable saving could be made in the 
cost of services by installing cables appreciably smaller 
than the sizes generally used. We feel that as there 
has already been considerable difficulty in many areas 
in developing the heating, cooking and domestic load 
. owing to services having been installed capable of dealing 
only with a lighting load, it would be false economy 
in most cases to reduce the size of services, even if at 
the present moment they may appear somewhat exces- 
sive. We are glad to have Mr. Crompton's support as 
to the desirability of being able to increase the capacity 
of distribution networks without any appreciable amount 
of additional cable or excavation. Mr. Lisle lays stress 
on the similar point that it is better to spend a little 
more in the first instance and a smaller total amount, 
than to spend as little as possible initially and a larger 
total amount. Mr. Lisle also supports our contention 
that to lay down distributors in the first instance with 
a generous cross-sectional area results ultimately in 
economy. Mr. Longman points out that we have made 
no reference in our paper to special cables required for 
street lighting. It was our object in the paper to treat 
the subject generally, and therefore we have avoided 
detailed reference to special types of supply such as 
Mr. Longman mentions. We are interested to learn 
from Mr. Siviour that he has found it possible to apply 
to the problem of rural distribution some of the principles 
we recommend for dealing with city distribution. 
We realize, of course, that rural distribution cannot 
be dealt with in quite the same manner as the supply 
in large cities, and we would point out to those 
Speakers who criticize our lack of reference to rural 
supplies and to the use of overhead lines that we 
have quite deliberately restricted the paper to the 
problems of supply in urban areas. Mr. Pickersgill 
gives some interesting data as to the change-over to the 
standard system in which he is at present engaged. 
He appears, however, to have adopted on the low- 
voltage network the feeder system which in our paper 
we rejected in favour of the distributor system. The 
latter is the type of system which both Mr. Siviour and 
Mr. Mould appear to favour and we are glad to have 
their support, not only in this matter, but also in the 
use of standard sizes of four-core cable with all the cores 
of equal cross-section. Above 0-15 square inch they 
advise, however, the use of a neutral of only half the 
cross-section of the outers. We agree that in certain 


cases a reduction in the size of the neutral may be 
justified, but we suggest that some caution is necessary 
in this matter, and where any doubt exists the safer 
plan is undoubtedly to retain all four cores of the same 
cross-section. Mr. Clark gives support to the feeder 
type of distribution system, and in this connection we 
would say that, as mentioned in the paper, we have 
calculated the costs of a feeder type of system witb 
voltage regulators and a corresponding distributor type 
of system and have found that the greatest economy is 
given by the distributor system. Mr. Clark also refers 
to what he considers to be an anomaly in our paper, 
namely, that the lay-out of a type B area at the end 
of Stage I is very different from that of a type A area 
at the end of Stage II although the loads to be dealt 
with are identical. We do not think that the lay-out 
is so different as Mr. Clark supposes, and he will see 
from Table 3 that the average spacing of the trans- 
forming centres in the two cases is about 0-6 and 
0:7 mile. Reference to Fig. 5 shows that the difference 
in total cost for the two spacings is very slight. Mr. 
Morley New asks us to consider whether it is worth 
while in many streets in a residential area to lay cables 
with more than two cores. We feel that, both for 
the sake of uniformity of the system and also because 
it is difficult to forecast what the load conditions 
wil be in an} street a number of years hence, it is 
more economical in the long run to adopt the standard 
system which we have recommended in our paper. 
Transforming centres. —A number of speakers have 
dealt with the difficulty in acquiring transforming-centre 
Sites. We have already dealt with this problem in the 
reply to previous discussions and would only say here 
that we are in full agreement with Mr. Vernier as to 
the necessity of compulsory purchase powers. Mr. 
Turnbull is of the opinion that our recommendations 
would involve substations in the very places where sites 
are usually unprocurable. We would refer Mr. Turnbull 
to Mr. Mould's remarks on the same point. The latter 
agrees with us that the appreciable variation from the 
theoretically best spacing of the transforming centres, 
which is possible without any considerable increase in 
total cost, will make the choosing of substation sites 
much simpler. Mr. Lisle considers that the size of 
transformer which we propose to use in underground 
substations is excessive. In drawing up Table 3 of our 
paper we considered this point carefully and satisfied 
ourselves that in the majority of cases it would be 
possible to use transformers as large as those we recom- 
mend. These transformers would probably be of special 
design and, in order to make provision for their removal 
from a substation in the event of a serious breakdown, 
it might be desirable to build the underground sub- 
station with a reinforced concrete roof, the whole of 
which could, if necessary, be lifted. As Mr. Longman 
shows in his figures for transformer failures, the modern 
transformer is so reliable that the risk of a serious 
breakdown is extremely small. We are glad to have 
Mr. Longman's support of our proposal to omut high- 
voltage switchgear in the transforming centres. His 
experience of the reliability of high-voltage cables fully 
justifies our decision. We do not quite follow Mr. 
Longman's proposal to use core-balance current trans 
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formers with leakage relays in place of the reverse- 
power relays which we proposed in the paper, but we 
think that it would not be satisfactory unless each high- 
voltage feeder were provided with pilot wires so con- 
nected that the tripping of the high-voltage switch or 
any one of the low-voltage switches would automatically 
trip all the other switches necessary to isolate the 
feeder and the transformers connected to it. As Mr. 
Mold evidently appreciates, a similar objection would 
apply to the use of balanced transformer protection. Mr. 
Aylmer suggests that it might be better to put in more 
distribution copper and to increase the size of each trans- 
forming centre rather than the total number of such 
centres. Theeffectof this would, however, be to increase 
the total cost of distribution, because the system would 
not conform so closely to the minimum curve shown in 
Fig. 5. We are much interested in Mr. Smith’s descrip- 
tion of his 50-kVA buried transformers and in the 
curve showing the temperature-rise for different load 
factors. During the preparation of the paper we con- 
sidered carefully the question of buried transformers 
and we feel that Mr. Smith’s curve rather bears out the 
conclusion we had reached, that for large transformers 
it would not be possible to get sufficient cooling surface 
to keep the temperatures within reasonable limits. Mr. 
Smith’s curve shows that it is perfectly feasible to use 
small buried transformers of 50 kVA capacity, but we 
should have doubts as to the feasibility of using buried 
transformers of over 100 kVA. 

High-voitage system.—The radial type of high-voltage 
distribution system has, as usual, been criticized by a 
number of speakers, particularly Mr. Clothier, but we 
are glad to have the support of others, including Mr. 
Vernier. Mr. Clothier considers that, whatever other 
advantages the radial system may have, it does not 
add to security or ease of operation. He also complains 
that a fault on either of the radial feeders leads to the 
switching out of sound apparatus, and suggests that 
this is inconsistent with the general principle which 
we have laid down on this point in our paper. We 
would point out that even on the simplified intercon- 
nected type of system it is also true that wherever a 
switch operates, both sound and faulty apparatus is 
always disconnected. The principle which we wish to 
lay down on this subject is that sound apparatus shall 
not unintentionally be disconnected on the occurrence 
of a fault. In the case of both types of system the 
cutting out of sound apparatus is deliberate because 
the system has been designed with sufficient stand-by 
to allow this procedure. We have already given in 
the reply to previous discussions our reasons for pre- 
ferring the radial system, and we feel that the general 
agreement as to the reliability of 11 000-volt cables 
and of transformers confirms our belief that the radial 
system, which is undoubtedly less complicated from 
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the operation point of view, should be adopted if the 
load to be supplied is of the type mentioned in the 
paper, and that the simplicity of the radial system, 
together with the absence of switchgear in the trans- 
forming centres, would in many cases give a security 
not only equal to but greater than that of an inter- 
connected type of system. Mr. Clothier fears that if 
the duplicate feeders to the transforming-centre are 
laid together a fault on one may lead to a fault on 
another. Our experience is that with armoured cables 
a fault on one cable does not damage another cable in 
the same trench even when the fault is sustained, although 
with quick-acting protective gear this is an unusual 
occurrence. We consider that there is a similar and 
equal risk with the interconnected system because, 
although the two cables may follow different routes, 
they come together at the transforming centre switch- 
gear and any trouble with the switchgear on one circuit 
may very possibly atfect both supplies. Mr. Clark 
points out that a diamond formation of transforming 
centres gives a shorter street distance to any part of 
the system than the chessboard arrangement which we 
have shown in our diagrams. We are glad that Mr. 
Clark has pointed this out and it is certainly worth 
bearing in mind when laying out the high-voltage 
system, although we fear that in practice, owing to 
the irregularity of streets, etc., the advantage would 
prove to be illusory. 

There appears to be general agreement as to the 
desirability of using armoured cables, and we have also 
received support in our recommendation of the use of 
unarmoured waterproof cable under suitable circum- 
stances. As regards voltage regulation, the majority 
of speakers agree that some voltage regulators would 
be required on the high-voltage system. We have 
already dealt with this criticism in our reply to the 
London discussion and have included there what the 
extra cost would be of installing voltage regulators 
on each of the radial feeders. 

Change-over of low-voltage system.—We are much in- 
debted to Mr. Hughes, who gives some most useful 
information as to the cost of change-overs which have 
actually been carried out by the company with which 
he is connected. The figures which he gives are par- 
ticularly interesting, in view of the fact that in one 
case the change-over is one of system and not of voltage 
whereas in the other case the change-over was of both 
system and voltage. It is interesting to note the con- 
siderable cost which is involved in changing over battery- 
charging devices and also dental and medical apparatus. 
No doubt both these items vary very considerably with 
the type of district, but it is clearly necessary to make a 
special allowance for such costs. We are somewhat 
surprised to find that the cost of new motors is as high 
as that shown. ; | 
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29TH ANNUAL GENERAL MEETING, 5 MAY, 1927. 


Dr. W. H. Eccles, F.R.S., took the chair at 5.30 p.m. 
The notice convening the meeting was taken as read. 


The minutes of the 28th Annual General Meeting 
held on the 27th May, 1926, were also taken as read and 
were confirmed and signed. 


The Report of the Committee of Management (see 
below) and the Statement of Accounts for the year 1926 
(see page 704) were presented and, on the motion of 
the Chairman, seconded by Mr. W. R. Rawlings, were 
unanimously adopted. 


On the motion of Mr. A. C. Cramb, seconded by Mr. 


W. R. Rawlings, it was resolved that Mr. J. Attfield, 
F.C.A., be appointed Hon. Auditor for the year 1927-28. 


The Chairman reported that, under Rule 15, the 
Council had appointed the following Committee of 
Management for the year 1926-27 :— 


The President (ex-officio). 
A. C. Cramb 
Lt.-Col. K. Edgcumbe, R.E.(T.A.) 
Sir Benjamin Longbottom 
A. Page 
A. H. Railing, D.Eng. 
C. Rodgers, O.B.E., B.Sc., B.Eng. 
J. R. Cowie 
J. E. Kingsbury 
W. R. Rawlings 


and the Chairmen of the Local Centres in the United 
Kingdom. 

On the motion of Mr. W. R. Rawlings, seconded by 
Mr. A. C. Cramb, the thanks of the meeting were accorded 
to Mr. R. Tree, chief clerk, for the efficient and sym- 
pathetic attention given by him to the affairs of the 
Fund. 


Representing the 
Council. 


Representing the 
Contributors. 


REPORT OF THE COMMITTEE OF MANAGEMENT OF THE BENEVOLENT FUND FOR 
THE YEAR 1926. 


. CAPITAL. 

The Capital Account stood on the 31st December, 1926, 
at £12 003 5s. 3d., which is invested. A transfer to 
Capital of £1998 14s. was made from the invested 
portion of the Income Account during the year. 


RECEIPTS. 
The Income of 1926 from dividends, interest and 
annual subscriptions was as follows :— £ g d. 
Dividends on investments 510 15 9 
Interest eis A m 15 17 11 
626 annual subscriptions T 375 18 0 
£902 11 8 


In addition to the foregoing, the Fund benefited during 
the year by the following amounts, many of which are 


non-recurring donations :— £ s. d. 

Birmingham and Midland Electrican En- 
gineers’ Ball Committee (2 donations) 105 0 0 
Electrical Engineers’ Ball Committee -- 65 0 0 
“ Twenty-Five ” Club à 26 5 0 
W. T. Henley's Telegraph Works Co., Ltd. 25 0 0 
Western Centre (collected) .. ; .. 1615 9 
Scottish Centre (Entertainment Fund) .. 15 0 0 
Incorporated Municipal Electrical Association 10 10 0 
F. R. Marsh .. id s "m .. 1010 0 
China Local Centre .. is $5 .. 1010 0 
J. D. Dallas... D . 10 0 0 
Sir Alexander B. W. Kennedy T .. 100 0 
Sir George Sutton, Bart.  .. is .. 10 0 0 
Marconi’s Wireless Telegraph Co. .. .. 10 0 0 
1702 donations of under £10 783 15 1 
£1108 5 10 


The accumulated balance of the Income and Ex- 
penditure Account amounted on the 31st December, 
1926, to £882 6s., of which £525 2s. was invested 
and £200 was on deposit with the Institution 
bankers. 


DONORS AND SUBSCRIBERS. 


Lists of the names of donors and subscribers during 
1926 have been published in the Journal. 

The Committee of Management desire to acknowledge 
their indebtedness to the donors and subscribers, and 
to intimate that, apart from donations, the Committee 
will be grateful for annual subscriptions of any 
amount. 


WILDE FUND. 


The Capital Account stood on the 3lst December, 
1926, at £2949 6s. 7d., all of which is invested and 
brings in an annual income of about £106. 

The balance standing to the credit of the Income 
Account, from which under the Trust Deed full Members 


only can benefit, on the same date was £173 1s. 1d. 


GRANTS. 


Applications for assistance were made by or on 
behalf of 34 persons during 1926, and the Committee, 
after due consideration, made grants in 32 of the cases 
from the Benevolent Fund, and one from the Wilde 
Fund. 

The total amount of the grants was £1 547 18s. 4d. 


PROCEEDINGS OF THE INSTITUTION. 
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PROCEEDINGS OF THE INSTITUTION. 


6lst MEETING OF THE WIRELESS SECTION, 6 APRIL, 1927. 


Major B. Binyon, O.B.E., M.A., took the chair at 
6 p.m., in the absence of Prof. C. L. Fortescue, Chairman 
of the Section. 

The minutes of the meeting of the Wireless Section 
held on the 2nd March, 1927, were taken as read and 
were confirmed and signed. 


A paper by Messrs. P. R. Coursey, B.Sc., Member, 


and H. Andrewes, B.Sc., Graduate, entitled “ Battery 
Eliminators, or Appliances for the operation of Radio 
Receiving Apparatus by energy derived from Electric 
Supply Mains ” (see page 705), was read and discussed. 

On the motion of the Chairman a vote of thanks 
to the authors was carried with acclamation, and the 
meeting terminated at 8 p.m. 


758TH ORDINARY MEETING, 7 APRIL, 1927. 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
31st March, 1927, were taken as read and were confirmed 
and signed. 

Messrs. H. W. Gregory, E. W. Moss and J. F. Shipley 
were appointed scrutineers of the ballot for the election 
of new members of Council. 

A paper by Messrs. E. B. Wedmore, Member, W. B. 


Whitney, 
B.Sc., 


B.Sc. (Eng.), 


and C. E. R. Bruce, M.A,, 
entitled ' A Contribution to the Study of the 


Number of Tests required to establish the Rupturing 


Capacity of an Oil Circuit-breaker ” 


(see page 913), 


was read and discussed. The paper was illustrated 


by a cinematograph film. 


On the motion of the President a vote of thanks to 
the authors was carried with acclamation, and the meet- 


ing terminated at 7.50 p.m. 


759TH ORDINARY MEETING, 21 APRIL,. 1927. 
Graduates—continued. 


Colonel T. F. Purves, O.B.E., Vice-President, 
took the chair at 6 p.m. in the absence of Dr. W. H. 
Eccles, President. 

The minutes of the Ordinary Meeting held on the 
7th April, 1927, were taken as read and were confirmed 
and signed. 

Messrs. S. Eden-Green and P. J. Ridd were appointed 
scrutineers of the ballot for the election and transfer 
of members and, at the end of the meeting, the result 
of the ballot was declared as follows :— 


ELECTIONS. 
Member. 
Eckhard, Kenneth Newton. 


Associate Members. 


Foxcroft, Joseph Robinson Quick, Tom. 
M Simpson, Clement Maurice, 
Capt., M.C., R.E. 
Single, George. 
Walker, Jack Holmes,B.Sc. 


Judd, Edwin Hupeh. 
Milner, Richard Augustus. 
Muir, Ernest Charles. 


Preedy, Clement, Major,  (Eng.). 
O.B.E., R.E. Willis, Ralph Lawson, B.Sc. 
Graduates. 
Atkinson, Henry Harrison. Eyre, Percy. 


Gough, Howard Butler. 
Hayman, Ivanhoe, B.E. 


Atkinson, Joshua Percy. 

Bhise, Vishwanath Ram- 
chandra. Howden, Peter. 

Burcham, Leonard Walter. Jarvis, John Richard. 

Cameron, James Joseph P. Lochead, Charles Kearney. 

Clarke, Cyril Edward. Nicol, Stuart Naxton. 

Crane, Sydney Frederick. Panth, Bhola Datt. 


Parry, Douglas Swift. 
Schofield, Hubert Vane. 
Skinner, Edward Harold. 
Schulthess, Frank Von. 


Spence, Herbert Frank. 

Varley, James William. 

Veale, Laurence Joseph, 
B.E. 


Wasser, Henry Emil. 
Students. 


Ahuja, Brij Mohan. 
Allan, Archibald Alexan- 
der. 
Badham, Wilfred. 
Bass, Edward Endersby. 
Bellingham, Frederick. 
Berenbaum, Aaron. 
Brookhouse, Thomas. 
Burr, Donald William. 
Campbell, Donald Esteing. 
Charlton, Henry Ernest. 
Chopra, Mohan Lal. 
Corpes, Ronald Victor. 
Crease, Karl Frederick. 
Desbruslais, Denis William. 
Dev, Mahan. 
Fidler, Frederick George. 
Ganguly, Anil Kumar. 
Ghose, Nirmal Chandra. 
Gulatee, Bhagat Ram. 
Hoad, Edward Leonard. 
Hort, Arthur Holmden. 
James, G. Alcwyn. 
Jarman, Lancelot 
worthy. 


El- 


Joneja, Ram Lal. 
Julka, Labha Mall. 
Kakkar, Badrinath. 
Kennedy, David. 


. Kshetarpal, Attar Chand. 


Loveridge, Eric James. 
Malhotra, Bhagwan Dass. 
Mandal, Faquir Chand. 
Martindale, William. 
Mathur, Jiwan Lal. 
Mullick, Hari Krishna. 
Pitt, Cyril Kenneth. 
Porter, William Frank. 
Powell, Horace Seymour. 
Rogers, Frank. 

Scott, John Ernest D. 
Selot, Ramkrishna. 
Shastri, Bhim Sen, B.A. 
Shiva, Lekh Raj. 

Shukla, Bal Krishna. 
Simpson, John William. 
Skowron, Arthur. 

Sood, Kewal Krishan. 
Spear, John Edmund. 
Thorne, Edward Jennings. 
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Students—continued. 
Traill, Thomas Henry. Whiteley, Claude Stuart. 
Tuli, Shanti Sarup. . Whyte, William  Lang-. 


Vatal, Gyanendra Nath. lands. 


_ Associate. 
Mackinnon, Lachlan. 


TRANSFERS. 


Associate Member to Member. 


Orchard, Harold. 
Paterson, Hugh. 
Simpson, Sidney. 

Toplis, William Sharman. 
Whitworth, Harold. 


Burns, Sydney. 

Corbin, Edwin Arthur. 

Makovski, Albert Water- 
low. 

Norris, Eric Douglas T. 


Graduate to Associate Member. 
Birt, Ronald, B.Sc. (Eng.). Kilpatrick, James Steven- 
Fox, John Thomas. son. 
Habershon, Matthew Milner, Donovon Robert F. 
Keith. Simms, Thomas Lowndes, 
Jackson, Horace. B.Sc. (Eng.). 
Wallace, Robert, B.Sc. 


Student to Associate Member. 
Ball, Reginald Donahoe. Ryall, Ernest Roberts S., 


Lindley, Gerald, M.Eng. B.E.E. 

Peters, William Herbert, Sumner, John Arthur. 
B.Sc. (Eng.). Thorpe, Donal Winton. 
Pickles, John Sydney, B.Sc. Willson, Leonard Frank, 

Tech. B.Sc. (Eng.). 


Youle, Frederick, B.Sc. (Eng.). 


Student to Graduate. 


Ball, Wilfred Charles D. Kenyon, John. 

Bates, Harold Thomas. . Owen, James McAlpine. 

Bryan, Ernest Alfred J. Phillips, Sidney. 

de Bruyn, William. Rowe, Bertram John. 

Gladstone, James William Simpson, Henry Jacobus G. 
B., B.Sc. (Eng ). Smith, Roderick Alan. 

Gresham, Samuel Roland. Speedy, Wilfred Henry. 

Harwood, James Stanley. Taggart, John Douglas, 

Kelly, Bruce, B.A. B.Sc. 


Prof. E. W. Marchant, D.Sc., then delivered the 
Eighteenth Kelvin Lecture entitled '' High-Frequency 
Currents ” (see page 977), the Lecture being illustrated 
by a demonstration of apparatus. 

Mr. W. B. Woodhouse: I think that every Kelvin 
Lecture we hear emphasizes the very great value of 
the historical aspect of things. It gives one a sense 
of perspective: it enables one to appreciate more 
clearly the trend of development and, perhaps, occasion- 
ally indicates something of what is in front of us. The 
Lecture we have just heard is no exception to that rule. 
We are glad to hear that again our lecturer is one of 
those who knew Kelvin and came into personal contact 
with him. To my mind Dr. Marchant has clearly 
developed two or three very valuable lines upon which it 
will be well worth our while to ponder, the first being the 
interesting development of the mathematical theory of 
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Kelvin in regard to what one may call the new universe 
of the electron. As a practical man it is always a matter 
of amazement to me to know the extent of the mathe- 
matical theory in regard to these minute molecules, 
atoms, electrons and ions, and it is interesting to know 
that Lord Kelvin's formula mentioned in the Lecture 
has been the foundation of much of the mathematical 
theory which Dr. Marchant has described to us. The 
practical points that emerge from the Lecture are the 
value of the work that is going on in regard to dielectrics, 
a subject of which we know very little, the very wonder: 
ful developments that are taking place in the measure- 
ment of high-frequency magnetization, and the awe- 
inspiring picture that Dr. Marchant conjured up of 
surges on large electrical systems. Some vears ago 
the late Dr. Steinmetz prophesied all sorts of trouble 
due to surges. Dr. Marchant has resurrected that 
bogey without giving us a remedy, but he has shown 
us a means of indicating when these surges occur. 
I now have much pleasure in proposing that a 
hearty vote of thanks be accorded to Dr. Marchant 
for the most interesting Kelvin Lecture that he has 
delivered. 

Mr. L1. B. Atkinson: It is my privilege to second 
the vote of thanks proposed by Mr. Woodhouse. 1 
think these Kelvin Lectures are one of our annual 
treats. Every one of them for a moment takes us 
away from our ordinary lines of thought and tech- 
nical details and brings us face to face with these 
wider questions which to me at least, and I have no 
doubt to most of those present, are a source of very 
great delight. It is remarkable that, although this 
is the Eighteenth Kelvin Lecture, no two of them have 
covered identical or nearly identical ground in con- 
nection with the pioneer work of Kelvin. It gives me 
great pleasure to read over again the works of Kelvin 
in 1853 and even before that time. It is true that 
many of his collected works are difficult to most of,us 
to master, particularly from the mathematical point 
of view, but, nevertheless, the ideas expressed are set 
forth in very plain language—much plainer language 
than occurs in many modern dissertations. The reason 
is that there were not at that time so many technical 
terms which could be used. I should like also to remind 
members of the celebrated and immortal researches of 
Faraday, to which Dr. Marchant has drawn our atten- 
tion again to-night. Itis astonishing to realize how much 
the two men whose portraits appear on the walls of 
this Lecture Theatre, Faraday and Kelvin, found out, 
and how much they knew, and to observe, as Dr. 
Marchant has done, how we may couple up what they 
had found out in a tentative way, the one experimentally 
and the other mathematically, with our modern know- 
ledge. In seconding the vote of thanks I wish to say 
how pleased I am that we have every year the oppor- 
tunity of bringing our thoughts back to these earlv 
investigators, and to express the opinion that I think 
we should go a step further and interest ourselves, as 
well we may, by actually dipping into their early 
researches. 

. The vote of thanks was put to the meeting by the 
Chairman and was carried unanimously. Dr. Marchant 
briefly replied, and the meeting terminated at 7.20 p.m. 
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62ND MEETING OF THE WIRELESS SECTION, 4 MAY, 1927. 


. Major B. Binyon, O.B.E., M.A., took the chair at 
6 p.m., in the absence of the Chairman of the Section, 
and mentioned that Prof. Fortescue had been obliged, 
owing to his continued indisposition, to give up all 
work for a period of three months. He also mentioned 
that the Wireless Section Committee had that day 
instructed the Secretary to write to Prof. Fortescue 
expressing their sympathy with him in his indisposition. 

The minutes of the meeting of the Wireless Section 
held on the 6th April, 1927, were taken as read and 
were confirmed and signed. 


Papers by Mr. C. F. Elwell, Member, entitled “ The 
Holweck Demountable Type Valve’’ (see page 784) ; 


Mr. H. Morris-Airey, C.B.E., M.Sc., Member, Mr. G. 
Shearing, B.Sc., Member, and Mr. H. G. Hughes, M.Sc., 


entitled ‘‘ Silica Valves in Wireless Telegraphy (see 
page 786); and Mr. W. J. Picken, Associate Member, 
entitled ‘' Cooled-Anode Valves, and Lives of Trans- 
mitting Valves '' (see page 791), were read and discussed. 

On the motion of the Chairman a vote of thanks 
to the authors was carried with acclamation, and the 
meeting terminated at 7.50 p.m. 


INSTITUTION NOTES. 


` List of Members. 

A new List of Members, corrected to the 30th September, 
1927 (not lst September, as mentioned on page 910 of 
the September number of the Journal), is in preparation 
and copies will be available early in November. Any 
member wishing to receive a copy should apply to 
the Secretary. 


National Certificates and Diplomas in Electrical 
Engineering. 
The following institutions have been approved under 
the scheme drawn up by the Board of Education and 
the Institution :— 


Approved for Ordinary Grade Certificates (Senior Part- 
time Course). 


Bedford Technical Institute. 
L.C.C. Hackney Technical Institute. 


Approved for Higher Grade Certificates (Advanced Part- 
lime Course). 


Handsworth Technical College. 


Electrical Development in Rural Areas. 


The Electricity Commission have recently issued a 
Memorandum on Electrical Development in Rural Areas, 
copies of which can be obtained, free of charge, on appli- 
cation to the Secretary of the Electricity Commission, 
Savoy Court, Strand, London, W.C.2. 


Conference on Large Electric Systems. 


The fourth session of the above Conference took place 
in Paris from the 23rd Juneto the 2nd July, 1927. The 
number of countries represented was 28, Great Britain 
having 6 delegates appointed by the Institution, and 
23 ordinary members. The delegates nominated by the 


Institution were Mr. W. B. Woodhouse (chief delegate), 
Mr. J. R. Beard, M.Sc., Mr. F. H. Clough, Mr. P. V. 
Hunter, C.B.E., Mr. R. Borlase Matthews, and Mr. C. 
Rodgers, O.B.E., but of these only Mr. Clough and Mr. 
Matthews were able to be present. The number of 
papers presented was 77. Messrs. F. H. Clough, R. A. 
MacMahon and R. Borlase Matthews, together with 
17 delegates from other countries, had the honour of being 
presented to the President of France, M. Doumergue, at 
the Palais de l'Elysée. 

The following papers by British authors were presented 
to the Conference :— 


Author. 
P. DUNSHEATH .. 


Paper. 
“ Movement in Fluid Dielectrics 
under Stress.” 


L. C. GRANT “ Communication and Remote Con- 
tro] by means of Wired Wire- 
less.” 

R. O. KAPP “ Principles governing the Lay-out 


oí E.H.T. Systems.” 
C. LE MAIstTrRE and “ The Work of the I.E.C. in connec- 
Dr. A. C. MicHIE tion with Insulating Oils.” 
R. B. MaArTHEWS “' Electrical Distribution Lines for 


Farms.” 
G. R. F. NuTTALL ‘ Elongation of Composite Con- 
ductors.” 
“ Small Base Towers for 220 000- 
volt Lines.” 


. ‘ The Use of Steel-cored Aluminium 
Conductors for  High-Tension 
Transmission Lines.” 

H. S. Petcu and “ The Protection of E.H.T. Circuits 

A. S. FITZGERALD and Apparatus.” 

C. A. STEPHENS .. '' Protection of Power Station Bus- 

bars, with special reference to 

earthed metal enclosures.” 


E. T. PAINTON 
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INSTITUTION NOTES. 


Science Library, South Kensington. 


The Secretary has been asked to remind members that 
the Science Library of the Science Museum at South 
Kensington is willing to lend books to members of 
approved institutions, provided the latter take all 
responsibility for. any loss or damage that may be 
incurred and bear the charges for postage. Books and 
journals borrowed under this arrangement will not 
be sent direct to individual members, but will be for- 
warded to them through the institution concerned ; 
and in order that the Council of the Institution may 
consider the matter further, members who would 
wish to make use of the lending scheme of the 
Science Library are requested to communicate with the 
Secretary. 

The Library is open free to the public, practically 
without restriction, daily from 10 a.m. to 6 p.m., and 
until 8 p.m. on Thursday and Saturdays. Admission is 
by ticket, to be obtained on application to ''The 
Director, The Science Museum, South Kensington, 
S.W. 7.” A single admission may be granted by the 
Keeper of the Library. The Library contains specialist 
collections of books from the earliest times on the various 
branches of science and technology, including, in 
addition to works printed in Great Britain, the more 
important scientific books published throughout the 
world. The collection of periodical literature, which 
is exceptionally large and complete, includes the “ Trans- 
actions " of societies, and the bulletins, monographs, 
reports and other publications of Government Depart- 
ments, experimental stations, observatories, research 


Corke, N. R. (Selangor, F.M. S.) 


laboratories, universities and scientific institutions of 
all kinds, as well as independent journals. Most of the 
older periodicals are represented by complete files, and 
the collections of modern periodicals are now being 
completed as far as possible. 


The Benevolent Fund. 


The following is a list of the Donations and Annual 
Subscriptions received during the period 26 August- 
25 September, 1927 :— 


th 
o 


* 


Aspin, J. (Birmingham) s - - 1 
Baldwin, S. (Brough, Yorks) .. 

Basil, D. A. (Calcutta) ; $2 € 
Black, R. H. (London) : PS xx. 


* 


De Renzi, A. J. C. (Newcastle, e) $i 
Ellerd-Styles, W. (London) .. $c 2 
Harris, V. A. (Sao Paulo) we bs Sed 
Hayhurst, H. (Sheffield) gs 
Humphreys, H. F. (Stoke-on-Trent). ade 
Kettle, L. J. (Dublin) . à a .. 10 
Longman, R. M. (Leeds) ps 
Lowe, W. (Birmingham) 
Moore, A. E. (Manchester) .. 
Richardson, J. J. (Sydney, N.S. W). 
Sims, W. L. (Leicester) TE 
Stark, G. A. (London) 
Walker, F. M. (Sheffield) 
Youel, E. (Coventry) . 

T Annual Subscriptions. 
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THE EIGHTEENTH KELVIN LECTURE. 
“HIGH-FREQUENCY CURRENTS.” 


By Professor E. W. MARCHANT, D.Sc., Member. 


(Lecture delivered before THE INSTITUTION, 21st April, and before the Soutu MIDLAND CENTRE, 27th April, 1927.) 


SYNOPSIS. 
Introduction. 
The oscillatory discharge of a condenser. 
Kelvin’s paper on ‘‘ Transient Electric Currents ” 
(1853). 
Magnitude of current produced in oscillatory circuit. 
Large-scale production of high-frequency currents. 
Applications of oscillatory discharge in electric 
welding. 
The Faraday-Mossotti theory of polarized particles. 
Determination of dimensions of molecules of gas from 
specific inductive capacity. 
Power factor of dielectrics at high frequencies. 
Electric strength at high frequencies. 
Magnetization of iron at high frequencies. 
Hysteresis and eddy-current loss at high frequencies. 
Comparison between pure iron and silicon iron. 
High-frequency surges in electricity supply networks. 
Lightning discharges. 
Methods of observing high-frequency surges. 
The Klydonograph. 
Production of electric waves by high-frequency currents. 
Applications of electric waves to study ionization of 
the upper atmosphere. 
Conclusion. 
Appendix I. The determination of the power factor of 
a dielectric from the V—I cyclogram with inclined 
axes (by E. Youel). 
Appendix II. A method of observing the B-H curve 
with a cathode-ray oscillograph. 


INTRODUCTION. 


The '' bewildering variety ’’ of Lord Kelvin’s genius, 
as Dr. Silvanus Thompson has expressed it, makes it 
easy for any Kelvin Lecturer to find a subject in which 
Lord Kelvin was a pioneer. The one I have chosen, 
" High-Frequency Currents,” has not been dealt with 
in any previous Kelvin Lecture, and it is, I think, a 
subject which this year is peculiarly appropriate, in 
view of the part which the President (Dr. Eccles) has 
taken in the development of its technique. More than 
25 years ago it was my privilege to show to the late 
Lord Kelvin some experiments on high-frequency 
oscillatory discharges, in which it was demonstrated 
that iron was magnetizable at a frequency of 100 000 
cycles per second to almost the same extent as at lower 
frequencies or under static magnetization. I well 
remember the interest which he displayed. The spirit 
was always willing, though at that period the physical 
infirmities which attend old age were growing upon him. 


THE OSCILLATORY DISCHARGE OF A CONDENSER. 


In a paper published in the Philosophical Magazine 
for June, 1853, on '' Transient Electric Currents,” Prof. 
William Thomson first solved the differential equation 
for the discharge of a condenser 


dq k dq 1 
a ta'u toala’ 

k denoting the '' galvanic resistance,” 

A the quantity which we now call self-induction, and 
which he called ‘‘ the electrodynamic capacity of 
the discharger.”’ 

C the electrical capacity of the condenser, which he 
called the ‘‘ electrical capacity of the principal 
conductor.”’ 


It is a solution which, nowadays, is known by every 
student of electrical engineering, and even (in these 
days of broadcasting) known in practice by every 
schoolboy. It is difficult to put one’s mind back to 
that period, and to realize that the conception that a 
condenser or Leyden jar, when djscharged, might 
produce an oscillatory current, was new. It had been 
suggested by Joseph Henry, in 1842, that the discharge 
of a condenser through an inductive coil was probably 
not unidirectional, the statement being based on the 
observed effects of the discharge in magnetizing steel 
needles. In his paper Henry says: ‘‘ The phenomena 
require us to admit the existence of a principal dis- 
charge in one direction and then several reflex actions 
backwards and forwards each more feeble than the 
preceding, until equilibrium is obtained.’’ Lord Kelvin 
in his paper provided a clear mathematical explanation 
of the phenomena. He traced out the oscillatory 
character of the discharge and determined its frequency, 
the rate at which the decay of the electrical oscillations 
took place, and the transference of energy from electro- 
static to electrodynamic throughout the period for 
which the discharge lasted. The solution given was 
not complete, as Dr. Russell pointed out in the Eighth 
Kelvin Lecture some years ago,* because it did not take 
into account the energy that was lost by radiation when 
a high-frequency current passes round such a circuit, 
but it is sufficiently close to actual conditions in the 
large number of cases in which circuits are not good 
radiators of wave energy. 

Five years after Thomson’s paper was published, 
using the method that he had suggested of reflecting 
the light of the spark from a rapidly revolving mirror 


* Journal I.E.E., 1916, vol. 55, p. 1. 
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and photographing the reflection, Feddersen showed 
experimentally that the oscillations Thomson had pre- 
dicted actually existed. 

The possibility of producing alternating currents of 
frequencies of 100000 or 1000000 cycles per second 
had not been realized at that time, and the use of such 
currents in regular engineering practice, less than 50 
years later, was undreamt of. It is difficult to over- 
estimate the importance of this paper of Lord Kelvin's. 
It has formed the basis of a greater amount of develop- 
ment work than anything else he published.  Hertz's 
brilliant researches on electromagnetic waves were 
based on it, and it lies at the root of much of the experi- 
mental work which has increased our knowledge of the 
fundamental nature of matter. 

Large currents can be obtained with the oscillatory 
discharge of a condenser under suitable conditions. If, 
for example, a condenser of lpuF is charged to a 
pressure of 20000 volts (about } in. spark) and dis- 
charged through a coil of 500 uH, the maximum current 
will be very nearly 2 000 amperes, a current much larger 
than that which can be obtained by any other simple 
means. The equation for determining the magnitude 
of the discharge current is a very simple one in a circuit 
in which the damping is not rapid. It is given by the 
expression I = V4/(C/L), where C is the capacity of 
the condenser charged to a p.d. of V volts, and L is the 
self-induction of the circuit. The first swing of current 
does not depend on the resistance of the circuit except 
to a very limited extent; resistance only affects its 
decrement. It is therefore possible, by using a large 
enough condenser combined with a small enough in- 
ductance, to obtain currents of great magnitude and of 
relatively high frequency. The Tesla coil (for producing 
high-voltage, high-frequency currents) is a simple 
oscillatory circuit, the condenser of which is repeatedly 
charged by a high-tension current of lower frequency. 
It is known to all, and was used by Nikola Tesla in 
one of the most brilliant demonstrations that was ever 
given to the Institution. It is still employed to-day for 
therapeutic purposes. 

The production of powerful high-frequency currents 
for wireless telegraphy and telephony is one of the 
many problems which the electrical engineer nowadays 
has tosolve. The difficulty of building a high-frequency 
alternator which will give even 100 000 cycles a second 
is well known and need not be stressed here. It arises 
because it is impossible to move material at a speed 
much in excess of 400 ft. per second, and even at this 
speed the pole-pitch which is available in a high- 
frequency alternator is very small. The only practical 
methods of producing the large amounts of high- 
frequency power which are being installed to-day are 
those using the Poulsen arc and the valve, and in both 
of these the frequency is determined by the electrical 
constants of the circuit. In other words they are 
practical applications of the solution which Prof. William 
Thomson gave of the fundamental equation for a 
circuit containing capacity, inductance and resistance. 

High-frequency power has been used for operating 
electric furnaces in which alloys of great purity are to 
be prepared. In many of these the power was obtained 
from spark-gap oscillation generators, the heating of 


the material being effected by the currents induced 
in it. 

We will next consider the properties of some materials 
when under the influence of high-frequency currents. 
We shall deal in the first place with dielectrics. 


THE FARADAY-MOSSOTTI THEORY OF DIELECTRICS. 


When Faraday made his early researches on electric 
action he put forward what he called the '' Molecular 
Theory of Dielectrics.” He states: '' Induction appears 
to be essentially an action of contiguous particles, 
through the intermediation of which the electric force, 
originating or appearing at a certain place, is propagated 
to or sustained at a distance. . . . Induction appears 
to consist in a certain polarized state of the particles, 
into which they are thrown by the electrified body 
sustaining the action, the particles assuming positive 
and negative points or parts. . . . With respect to the 
term polarity, I mean at present only a disposition of 
force by which the same molecule acquires opposite 
powers on different parts. . . . I do not consider the 
powers when developed by the polarization as limited 
to two distinct points or spots on the surface of each 
particle . . . but as resident on large portions of that 
surface, as they are upon the surface of a conductor of 
sensible size when it is thrown into a polar state. . . . 
In such solid bodies as glass, lac, sulphur, etc., the 
particles appear to be able to become polarized in all 
directions, for a mass when experimented upon so as to 
ascertain its inductive capacity in three or more direc- 
tions, gives no indication of a difference. The con- 
clusion I have arrived at is, that it is the molecules of 
the substance which polarize as wholes; and that 
however complicated the composition of the body mav 
be, all these particles or atoms which are held together 
by chemical affinity to form one molecule of the resulting 
body, act as one conducting mass or particle when 
inductive phenomena and polarization are produced in 
the substance of which it is a part." When one re- 
members that this theory was put forward nearly 90 
years ago, it is another evidence of Faraday's genius, 
for nowadays it has come to be accepted by physicists 
as an accurate representation of the constitution of a 
dielectric, though in the interval between its production 
and the present time this way of looking at a dielectric 
has been very much neglected. 

The polarized-particle theory of the constitution of 
dielectrics has been developed mathematically by 
Mossotti and, if considered with the modifications which 
are made possible in the light of modern knowledge, 
offers an explanation of many obscure phenomena 
observed in dielectrics. According to modern theory * 
the passage of current through a conductor is due to 
electrons which, in a conducting metal for example, 
are so loosely held that the smallest electromotive force 
is able to move them and so produce a current through 
the substance from one atom to the other. In an 
insulating medium such as a dielectric, the electrons 
present in the molecules are bound. They are assumed 
to be arranged in the molecule in positions of stable 
equilibrium. When so placed they exhibit no electric 

* O. RicuARDSON : ‘‘ The Electron Theory of Matter." 
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polarity, but when an electric field is applied, the positive 
charges are moved in one direction and the negative in 
the opposite direction. 

The displacement of the charges in the molecule is 
small, since they are both controlled by forces similar 
to those which held them in equilibrium before the 
external electric force was applied. When equilibrium 
is attained, the force due to the electric field will be just 
balanced by the restoring force due to the interaction 
between the particles. The effect of the electric field 
may therefore be regarded as producing a number of 
electric doublets in the medium. The behaviour of the 
medium can be studied on the assumption that the 
particles are '' polarized ” in this way when an electric 
field is applied to it. No material is a perfect con- 
ductor, nor is there any perfect dielectric, and all 
materials can be regarded as being a combination of 
the two, the actual behaviour of the substance under 
an electric force depending on the relative proportions 
of the constituents. In other words we may say that 
there are present in all materials free electrons which, 
owing to the closeness of the molecules to each other 
and the large intra-molecular electric forces acting in 
the inter-molecular spaces, are able to move readily 
from one molecule to another. The free electrons 
enable the substance to conduct electricity. There are 
also present polarized particles containing bound 
electrons and positive charges, which become polarized, 
i.e. which form electric doublets when an electric force 
is applied to the substance. I think there is no doubt 
that there must be present in dielectrics, ions which 
are formed by the abstraction of electrons from the 
particles, and these ions give rise to the current 
which has been called the absorption current. The 
production of ions in dielectrics must be assumed 
in order to explain the phenomena of frictional elec- 
tricity. The rubbing together of two substances such 
as silk and glass brings the molecules of the two 
substances into sufficiently intimate contact to attract 
electrons from one substance, leaving it positively 
charged, and to give an excess of electrons to the 
other, leaving it negatively charged. One can regard 
the “ polarization " of a dielectric, then, as due to 
the formation of a number of polarized particles. The 
actual form of the polarized particle is not important, 
but, since the specific inductive capacity of most sub- 
stances is independent of the voltage stress to which 
they are subjected, it must be assumed that the electrical 
moment of the polarized particle is proportional to the 
electric force producing the polarization. According 
to the modern theory of the constitution of matter it 
may be assumed that a polarized particle is pro- 
duced by a slight displacement of the orbits of the 
electrons round the nucleus of an atom in a molecule. 
It has also been assumed by Debye that there may be 
in the molecule fixed doublets formed of electrons and 
positive ions, of constant moment and permanently 
electrically polarized, which can be turned under the 
influence of the electric field and produce effects 
analogous to the permanent magnetization of magnetic 
substances. 

Let us first consider some evidence in favour of the 
polarized-particle theory. Let us assume that Fig. 1 


represents a section of a parallel plate condenser, the 
polarized particles being indicated by ellipses, white 
spaces indicating negative charges and dark spaces 
positive charges. If the density of charge on each 
plate of the condenser is q, the electric force D resulting 
therefrom will be 47q and, provided the distance between 
the plates is small compared with their linear dimensions, 
it will be the same throughout the dielectric. The 
average electric force P due to the polarized particles 
if they are assumed to have an electrical moment E 
and are spaced 1/n cm apart may be shown to be 4zn?E 
inside the dielectric. In a space not in line with the 
particles (see Fig. 1) it is evident that this force will be 
opposite in direction to D, and the resultant force on a 
unit charge moving through the dielectric will be D — P. 
Hence if the charge on the plate remains the same, the 
work done in moving unit charge from one plate to the 
other will be less, and the potential difference between 
the plates will be reduced. Or, if the p.d. is to remain 
the same, the charge on the plates will have to be 
increased to g’, where 4gq = 4ng’ — 4m 3E. 

It follows therefore that the charge q’ on each plate 
necessary to give the same p.d. between the plates is 
given by 

q =q + wE 


If € is the specific inductive capacity of the material 
and €, the specific inductive capacity of a vacuum, then 


€ g i The Oj 
€& qg q 
€ — € n3E 
or mm 
€o q 
l €—€ 4Tn3E 
or, since D = 47g, ———À = 
Ey D 


It may be shown that if a molecule is assumed to be 
a conducting sphere of radius a, the moment of the 
electric doublet E produced by an electric force D is 
given by E — Da?.* 

Putting E/D = a? we have from the above 


€o 


= 47n3a3 


where n is the number of molecules per cm length. Since 
a sphere of radius a occupies a space = (4/3)7ra%, the 
total space occupied by the molecules in a cubic centi- 
metre = (4/3)7n3a3 = 0 (say). 


€ — € 
Hence Lg 


€ 
Or — = ] + 30. 


Since the number of molecules in a cubic centimetre 
of gas can be calculated from the kinetic theory of 
gases, the above equation gives a method of finding the 
volume occupied by the molecule of a gas (assumed to 
be conducting and of spherical shape) in terms of the 
specific inductive capacity of the gas. Let us take three 
gases, hydrogen, oxygen and nitrogen. 


* J. H. Jeans: " The Mathematical Theory of Electricity and Magnetism,” 
p. 131. i 
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The values calculated by Mossotti’s theory and those 
calculated from the theory of gases agree as closely as 
can be expected in view of the assumptions made. 


Radius of molecule 


Gas 
Calculated from Calculated from 
Mossotti’s theory theory of gases 
Hydrogen .. 0-916 x 10-8 1-35 x 10-8 
Oxygen 1:17 x 10-8 1-82 x 10-8 
Nitrogen 1:2: x 10-8 1:91 x 10-8 


It may be suggested that the assumption of a con- 
ducting molecule is not justified in the light of modern 


+ + + 
o ə O40 9 2 
o o9 ele e c 
e o o 6 6 8 
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Fic. 1.—Polarized dielectric. 


theory. It is now known, however, that all matter 
has associated with it charged electric particles or 
electrons. In a perfect dielectric each electron is 
attached to a molecule but may vibrate within certain 
limits. The molecule may be regarded as consisting of 
a cluster of electrons normally at rest or moving in 
stable orbits. As Jeans* has put it, ''Under the 
influence of an external field of force, the electrons will 
move slightly from their equilibrium positions—we may 
imagine that a kind of tidal motion of electrons takes 
place in the molecule. Obviously, by the time that 
equilibrium is attained, the outer surface of the 


* J. H. Jeans, loc. est., p. 133. 


molecule must be an equipotential. This, however, 
is exactly what is required for Mossotti's hypothesis. 
We may accordingly abandon the conception of con- 
ducting spheres, which was only required to make the 
surface of the molecule an equipotential, and may, 
without impairing the power of Mossotti's explanation, 
replace these conducting spheres by shells of electrons. 
If in some way we can further replace these shells by 
rings of electrons in rapid orbital motion, the modified 
hypothesis will be in very close agreement with modern 
beliefs as to the structure of matter." 


SPECIFIC INDUCTIVE CAPACITY AND DIELECTRIC Loss 
AT HIGH FREQUENCIES. 


We can regard the specific inductive capacity € of 
a dielectric as consisting of two parts, one due to the 
vacuous space and the other due to the polarized 
particles. It has been shown by Lorentz that if 
electrons can perform free vibrations, the specific 
inductive capacity, €, of a dielectric due to their 
presence may be represented by 


1 
caus -P)— 4 


4n7Ne? 


€ —1d- 


where N is the number of free electrons per cm3, e the 
charge on an electron of mass m, fy the natural vibra- 
tion frequency of the electron, and f the frequency 
of the applied force. According to this formula the 
specific inductive capacity of a dielectric should increase 
with increasing frequency of the applied electric force. 
This effect, however, is relatively small, since the most 
noticeable change in specific inductive capacity with 
increasing frequency is in the opposite direction. 

When a dielectric is subjected to the influence of a 
rapidly varying electric force the polarization of the 
particle is brought about almost instantaneously. In 
all theories of dielectrics it is assumed that the particles 
are of molecular dimensions or that they may be formed 
of groups of molecules, and that with electric forces of 
the frequencies used in ordinary high-frequency work 
the polarization is practically instantaneous. There 
may be a certain amount of vibration in the polarized 
particle and there may be a loss of energy, but the 
vibration will be very rapidly damped. There is, 
however, another phenomenon already mentioned in 
connection with dielectrics, i.e. ''absorption." If a 
steady polarizing force is applied to a dielectric a current 
will pass through it which will gradually die away with 
time and lead to a resultant polarization of the substance 
which is greater than the initial polarization. Approxi- 
mately, the polarization changes according to a logarith- 
mic law,* that is, if the initial polarization is, say, Pe. 
the polarization P, at a time ¢ is given by an equation 
of the form 

P, = Pal + y (1 — 67) 


A great deal of discussion has occurred as to the 
reason for absorption. Wagner's interpretation of the 
theory is that a dielectric may be regarded as consisting 


* See L. HarTSHORN: “A Critical Résumé of Recent Work on Dielectric," 
E.R.A. Report, Journal I.E.E., 1926, vol. 64, p. 1175. 
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of a perfect dielectric containing a number of spheres 
having a dielectric constant, say e, and a conductivity 
c, and shows that this assumption gives conditions 
corresponding to the logarithmic hypothesis. The 
theory of a logarithmic law of change of polarization 
does not, however, quite fit the facts and Schweidler 
assumes that there are a number of terms in the expres- 
sion for polarizing current corresponding to a number 
of particles of different dielectric constant and resistivity, 
the summation of which gives the resultant polarizing 
current. It is evident that if a sufficient number of 
different terms with different constants be taken the 
resultant curve may be made of any desired shape. 
This theory, although giving a mathematical interpreta- 
tion of the action of a dielectric, is not very satisfactory 
from the standpoint of physicists. The ionization 
theory certainly deserves consideration as a means of 
explaining the absorption current and the dielectric 
powerloss. Ifthe particles are assumed to be scattered 
through the solid dielectric with varying electric forces 
acting on them due to their polarization, some being 
subjected to an electric force above that required to 
produce ionization, it may be shown that the ionization 
theory gives a logarithmic law for the absorption 
current. The production of ions, for example, in air, 
occurs when the electric force exceeds a certain critical 
value. If a voltage is applied to a sheet of dielectric, 
certain particles of the dielectric may have electric 
forces in them, due to adjacent particles, above this 
critical value. These particles will give rise to ions, 
and the ions so formed exert a depolarizing action, with 
the result that the resultant electric force will be 
diminished. The electric force may be written (D — P^), 
where P’ is the electric force produced by the polarization 
due to the formation of the ions. The equation for ion 
formation is therefore dP’/dT = (D — P’)R, where R 
is a constant, which gives a logarithmic law for the 
polarization P”. 

Some very interesting work has been published by 
Günther-Schulze, who has shown that it is possible to 
explain the anomalous conductivity of glass at high 
field strengths by assuming ionization in a solid dielectric. 
He has shown that if the number of ions generated by 
collision with other ions per unit length in a dielectric 
is proportional to the field strength, the observed 
variation in the apparent conductivity of glass is ex- 
plained.* It seems much the most likely theory that 
has been put forward to explain the anomalous behaviour 
of dielectrics. Let us assume, then, that we have in a 
dielectric first a charging current, that is a current 
which flows into the plates on each side of the slab of 
dielectric in order to produce polarization of the particles 
of the dielectric; secondly, a conductor current, that 
is a current similar to that which would flow through 
a resistance, which in the case of most dielectrics will 
be negligibly small; and thirdly, an absorption current 
which we can regard as following approximately a 
logarithmic law, the absorption current being due to 
the gradual ionization of the particles of which the 
dielectric is made up. It is evident that this assumption 
provides an explanation of the well-known phenomena 
of residual discharge when dielectrics have become 


* See L. HanrsHoRN, loc. cit., p. 1181. 


“ polarized" and the electric force is removed. If 
polarization is accompanied by ionization there are 
present in the dielectric an accumulation of electrons or 
negative ions and an accumulation of positive ions. 
After the removal of the electric force these charges 
will be gradually released, as the polarized particles 
become de-ionized, until the whole material once more 
becomes completely depolarized. If one considers the 
effect of the absorption current on the apparent specific 
inductive capacity of the substance, it is evident that 
it explains the fall in apparent specific inductive capacity 
with increasing frequency. The shorter the time for 
which the absorption current flows, the less ionization 
there will be, and therefore the smaller the charge (with 
a given voltage) that will be accumulated in the dielectric. 
It is also interesting to consider the influence of this 
absorption current on the dielectric power loss. It can 
be shown mathematically * that the existence of an 
absorption current necessarily leads to power loss in 
the dielectric when an alternating electric force is 
applied to it. If a simple logarithmic law is assumed 


Glass 


Fic. 2. 
f = 1 000 000 cycles per sec. 


for the change of polarization the absorption current 
may be represented by the formula 


t = Caye% 


where a and y correspond to values given above and 
C is a constant. 

When a sine wave of voltage is applied to the dielectric, 
the loss angle should vary with the frequency according 
to the following law : 

ywT 
1 + wT? 


a being the index of the exponential term. 
It can be shown * that the power loss should be given 
by an equation of the form 


W = GEL" 


where m is a coefficient less than unity, i.e. the loss 
per cycle decreases with increase in frequency. In 
Hartshorn’s report, some examples (obtained by Fleming 
and Dyke at telephonic frequencies) are quoted for 
crown glass, and it is shown that the relation between 
the a.c. conductivity and frequency is exactly fitted by 
taking suitable values for G and m. Speaking generally, 
one can say that the power loss in dielectrics at telephonic 
frequency is explained satisfactorily by absorption. It 
is possible that other factors may have to be taken into 
account at high frequencies. 
* See L. HARTSHORN, loc. cit., p. 1184. 
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Ionization may be affected by the frequency of the 
polarizing force, and the increased ionization due to 
the more rapid rate of change of the polarizing force 
may be responsible for the greater dielectric viscosity 
which Bairsto * has observed in dielectrics at very high 
frequencies. 

That the loss per cycle at high frequencies is not 
very large can be shown experimentally with a cathode- 
ray oscillograph (see Fig. 2). The curve showing the 
relation between the current through a condenser and 
the voltage across it can be obtained by means of the 
arrangement shown in Fig. 3, and if the condenser has 


HT. 
Oscillator and two-valve 
H.E. amplifier 


Air 
ndenser 
Cathode-ra 
oscillograph 


Fic. 3.—Arrangement for finding V-I curve of condenser. 


no loss and the axes for current and voltage are at 
right angles to each other, and the maximum deflec- 
tions for current and voltage alone are made equal, the 
power factor may be shown to be (a? — b2)/(a2 + b?), 
where a and b are the axes or semi-axes of the resultant 
ellipse. If the axes are not at right angles to each 
other Mr. Youel has shown that the power factor may be 
found from the relation (a? tan? $ — b?)/(a? tan? ġ + b?), 
where d is the angle between the axes (see Appendix II). 


DIELECTRIC STRENGTH AT HIGH FREQUENCIES. 


One of the most interesting observations that has 
been made in connection with alternating currents is 
that the dielectric strengths of such materials as ebonite, 
glass and porcelain are very much less when subjected 
to an alternating stress, than when the stress is con- 
tinuous. Some years ago we made some experiments in 
Liverpool with ebonite with a view to determining 
whether there was anything analogous to elastic fatigue. 
There was little or no evidence of dielectric fatigue 
analogous toelastic fatigue. The dielectric strength after 
the material had been subjected to a stress very near 
to its breaking stress at 50 cycles was very little less 
than that which was required to break down the insu- 
lation immediately after the pressure was applied. 
Recently Goebeler f has published some figures for 
electric strength using frequencies of between 85 000 
and 120000 cycles per second and a maximum voltage 
of 14 kV. He has found that the dielectric strength 
of air between flat plates and spherical electrodes is the 
sarme as for direct current, whereas with needle points 
the dielectric strength is considerably lower than for 
500 cycles, the difference being greater as the length of 
the gap increases. With glass the breakdown voltage 
is only one-third of that needed at 50 cycles. With 


* Proceedings of the Royal Society, A, 1920, vol. 96, p. 363. 
f Archiv fur Elektrotechnik, 1924-25, vol. 14, p. 491. 
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porcelain it varies from one-third to one-half, and with 
ebonite it is only one-half of the breakdown voltage at 
50 cycles. Fibrous materials at bigh frequency become 
practically conducting. Now these phenomena may be 
readily explained by the ''polarized particle " theory 
of dielectrics. 

Let us first assume that we are dealing with the 
breakdown of a gas under electric stress in, say, an 
electrodeless bulb. In a gas the molecules (which will 
be polarized by the electric stress set up in the gas) 
will be moving about in the bulb. If the electric force 
is increased the molecules become ionized by the detach- 
ment of electrons from them and subsequently bv 
collision. When the stress on the gas exceeds a certain 
limit the electrons jump from one molecule to another 
across the intermolecular space and cause such violent 
vibration of the molecules that the material will be 
broken down. If it be assumed that the process of 
ionization occurs when the energy of a moving ion 
colliding with another molecule exceeds a certain value, 
then the law of breakdown strength of air at varving 
pressures is explained. With an electric force D acting 
on an ion or electron of mass m carrying a charge e, 
the velocity v attained by the ion while moving over a 
distance s is given by v? = 2fs, where f = De[m. The 
energy given to the ion is therefore Des. It is 
independent of the mass of the ion and will be propor- 
tional to s. Now the mean free path of a molecule in 
a gas is inversely proportional to its pressure. The 
strength of electric field necessary to develop a given 
amount of energy in the ion is given by Ds — constant. 
Hence the electric field necessary to break down the 
gas is inversely proportional to the mean free path of 
the molecules, i.e. it is directly proportional to the 
pressure of the gas. 

Günther-Schulze * has suggested a similar effect with 
liquids. He has put forward the theory that the 
breakdown in liquids occurs in the following manner. 
The heat generated by the motion of the ions produces 
bubbles of vapour in which breakdown takes place as a 
consequence of ionization by collision, i.e. by the same 
process that has already been described. He regards 
the breakdown of liquids as essentially a '' masked gas 
discharge." One can apply the same theory to solid 
insulators. In a solid substance the molecules are less 
mobile and, although there will always be a certain 
number of free electrons moving between them, in the 
case of a dielectric the number of these is very small 
since the conductivity of the substance is low. The 
breakdown of a solid dielectric between metal plates 
will occur when the electric force available at the 
surface of the metal plate which is on one side of it is 
sufficient to detach an electron from the metal.f This 
electron coming from the negative plate will be strongly 
attracted by the positive pole of a polarized particle 
and will move in the direction shown in Fig. 4. It will 
strike the polarized particle and if it has moved with 
sufficient velocity the particle will be so violently shaken 
than an electron may be emitted by it. If the electron 
adheres to the particle it becomes a charged ion. Let 

* Zeitschrift für Insirumentenkunde, 1923, vol. 48, p. 72. 

f Hofmann has estimated the electric force necessary to detach an electma 


from a metal plate at from 2-7 to 4: 81 x 106 volts per cm (see Zeslsckrsis juf 
Physik, 1921, vol. 4, p. 303). 
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us suppose that the particle emits another electron. 
This electron will move under the influence of the 
electric force in its vicinity and will be attracted to 
another particle not necessarily in the same line with 
it (as shown in the figure) ; it may move in any direction, 
depending on the arrangement of the polarized particles. 

This process will be repeated until an electron has 
completed its journey to the opposite plate. It is clear 
that if polarized particles are present in the medium 
the electric forces available to move the electron will 
be more powerful, and therefore a smaller voltage will 
be needed to break down the dielectric than is required 
to break down a vacuum. It has been shown by 
Lorentz that if an electron in a molecule is controlled 
by a force proportional to its displacement, the magni- 
tude of the displacement will be greater at high fre- 
quencies than at lower frequencies. The displacement 
reaches a maximum value when the frequency of the 
electric force corresponds to the natural frequency of 


+ + + 


Fic. 4.—Discharge through dielectric. 


vibration of the electron. The frequencies used in the 
tests made by Goebeler were of course much less than 
the natural frequencies of the electrons in a single atom. 

In a substance like glass or ebonite or any of the 
dielectrics which we are considering, the polarized 
particles with which we are dealing are much larger 
than a single atom. Professor Rice has suggested that 
an explanation of this effect is that some of the electrons 
in such a molecule may be quite loosely held, i.e. the 
force acting on them, corresponding to a given displace- 
ment, may be relatively small. If one assumes the 
“ionization theory’’ for dielectrics, the fact that 
ionization takes place in the dielectric is evidence that 
the controlling forces on the electrons, in some Cases, 
are not very large. Now it follows from the ordinary 
equation of motion for an electron that if the controlling 
force is small the period of vibration will be correspond- 
ingly large, and it is possible that the period of vibration 
of some of the electrons in these large particles may be 
comparable with the period of the applied alternating 
electric forces. 

It has been shown by Lorentz that if the period of 
vibration of the electron corresponds to the frequency 
of the alternating force, the specific inductive capacity 
of the medium would be increased, but this would only 
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be true if all the particles behaved in a similar way. 
The breakdown of a dielectric may depend on the 
breakdown of a relatively small number of particles. 
The material will break down if the discharge is able 
to get through one point in the dielectric. It does not 
necessarily follow that all the particles of a dielectric 
such as glass will have electrons in them which are 
capable of vibrating at this frequency. The specific 
inductive capacity of a dielectric depends on the average 
value of these quantities, and the average value of the 
force will be very different from that in particles with 
a small natural frequency. Let us take, for example, 
the case of fibre. This becomes practically conducting 
at a frequency of 2 x 105. It is not unreasonable to 
explain this by assuming that the period of vibration 
of some of the electrons in a particle of fibre is of the 
order of 1/(2 x 10°) second. Consequently the break- 
down of the molecule under these conditions may be 
brought about by comparatively small external electric 
forces. 


MAGNETIZATION AT HIGH FREQUENCIES. 


The modern theory of magnetism is based on the 
electric theory of matter. According to this theory, 
magnetic forces are produced by the motion of electric 
charges, that is by the motion of electrons. There is 
no possible motion of electrons which can give rise to a 
single magnet pole, but an electron revolving in a 
circular orbit produces the magnetic analogue to an 
electric doublet, a system which has north magnetism 
at one end and south magnetism at the other. Ampère, 
many years ago, built up a theory of magnetic media 
on the assumption that the atoms were seats of 
circular electric currents, and recently Evershed * has 
developed the theory of current rings. The current 
ring behaves like a small magnet and produces magnetic 
polarization. It is evident therefore that in dealing 
with magnetism we are considering the action of particles 
of extremely small size and it is not surprising that 
these particles should be able to respond to the highest 
frequency of magnetizing force it has been possible to 
produce. 

It has been shown by St. John f that the magnetic 
permeability of iron when subjected to a magnetic force 
with a frequency of 100 million per second is of the 
same order as the permeability at lower frequencies. 
Many other experiments of the same kind have been 
made and it is now well known that iron remains a 
magnetic material and can be used with suitable pre- 
cautions at the highest frequency that we can produce. 

The quantity which is of greatest practical importance 
in electrical engineering is the loss of energy that takes 
place when iron is subjected to alternating magnetization. 
Not very much work has been published recently on 
the loss of energy in iron due to hysteresis at very high 
frequencies. It is to be expected that the energy loss 
due to hysteresis per cycle of magnetization will be 
somewhat less for a given magnetizing force at a very 
high frequency. For the same reason, when iron is 
subjected to very high-frequency magnetizing forces 


* Journal I.E.E., 1920, vol. 58, p. 780. 
t Philosophical Magasine, 1919, vol. 38, p. 254. 
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the permeability of the iron will be rather less than it 
is at the lower frequencies, although this does not 
become marked until frequencies in excess of 100 million 
per second are used. There is, however, one loss which 
becomes very large at high frequencies, and this is the 
loss due to eddy currents. At ordinary frequencies the 
power loss due to eddy currents in an iron wire or thin 
plate is proportional to the square of the frequency, 
but when account is taken of the smaller penetration 
of the magnetic flux into the iron at high frequency 
the power loss per cubic centimetre in iron plates of 
normal thickness may increase less rapidly than would 
be calculated from the square law. The loss for a 
given value of Bmazr. is proportional to B^, where n has 
a value of about 1-5 for silicon iron plates 0-25 mm 
thick at frequencies of about 1 million. McLachlan * 
has shown that the actual power loss in silicon iron at 
a frequency of 1 million per second is 1 kW per Ib. with 
a maximum flux density of 100 lines per cm?. This 
is to be compared with the normal figure of about 


Fic. 5 (a).—B-H curve. 
f = 100 000 cycles per sec. 


Fic. 5 (b). —B-H curve. 
f = 1 000 000 cycles per sec. 


1 watt per lb. at a frequency of 50 cycles with a maximum 
flux density of 10000 lines per cm?, Owing to this 
great loss the design of high-frequency alternators, 
which is very difficult on account of purely mechanical 
considerations, becomes even more difficult, since it is 
impossible to use flux densities in the iron in excess of 
a few hundred lines per cm?. 

Some curves showing the relation between B and H 
for thin silicon iron plates at frequencies up to 1 million 
per second have been obtained by the cathode-ray 
oscillograph and are shown in Figs. 5(a) and 5 (b).f 
It is evident that with the flux densities used (B — 50 
lines per cm? approximately) the behaviour of the iron 
is very similar to that at lower flux densities. In 
interpreting the results it is difficult to separate the 
effects of hysteresis from those due to eddy currents, 
and the shape of the B-H loop shown in Fig. 5 (b) is 
distorted by eddy currents. It is clearly of very great 
importance when using iron at high frequencies that the 
specific resistance of the material should be as high as 
possible, and the use of silicon iron for high-frequency 
magnetization would appear to be a practical necessity. 
But not only does the specific resistance of the material 
affect the losses in the iron; it also changes the depth 
to which the magnetization will penetrate into the 
substance. As a result the apparent flux densities in 
0-25 mm plates with silicon iron and pure iron, using 
constant magnetizing force, are in the ratio of about 
2:5:1, although at ordinary flux densities the per- 
meability of pure iron is not very different from that of 
silicon iron, The * equivalent depth of magnetization ”’ 


* Journal I.E.E., 1916, vol. 45, p. 489. f See Appendix II. 


is about three times as great for silicon iron as it is for 
pure iron. For a given value of the maximum flux 
density and frequency the larger resistance of silicon 
iron, however, causes a reduction in the watts lost per 
kg. One arrives, however, at the rather surprising result 
that the power factor of a coil containing silicon iron work- 
ing at a given magnetizing force is greater than for a coil 
containing a pure iron core, for values of the magnetizing 
force of the order H = 1 to H = 4, and this in spite 
of the fact that for given values of Bmar. and thickness 
of plate the losses in the latter material exceed those 
in the former. In an exceedingly thin plate in which 
the flux density is more or less uniform, the eddy- 
current loss will be relatively small and the energy loss 
in pure iron will, in proportion to the magnetizing 
current, be smaller than in silicon iron. It follows 
from this that the advantage of silicon iron as compared 
with pure iron becomes less as the flux density and the 
frequency increase. The use of iron in the very high- 
frequency circuits that are employed in wireless broad- 
casting receivers and in radio work generally is not 
very common, although when used with suitable pre- 
cautions as to maximum flux density (for example in 
high-frequency transformers) an iron core would lead 
to a considerable reduction in the size of the apparatus.* 
A rather unexpected phenomenon in connection with 
high-frequency magnetization was observed by J. J. 
Thomson.f Using two coils in series, one of which 
surrounded an exhausted bulb which served as an 
indicator of the current passing, he found that the 
introduction of a solid copper rod in the other coil 
produced a comparatively small effect on the glow in 
the bulb, whereas if a glass tube covered with a thin 
coating of Dutch metal was placed inside the coil the 
glow was extinguished. The theory of this etfect is of 
considerable interest and has recently been worked out 
more completely.1 


HIGH-FREQUENCY DISTURBANCES IN DISTRIBUTION 
NETWORKS AND OVERHEAD LINES. 


The variation in the electrical qualities of dielectrics 
at high frequencies has emphasized the need for ob- 
serving the high-frequency currents and potential 
differences which are liable to occur in supply systems. 
For this purpose the cathode-ray oscillograph has 
proved of great value, and quite recently a record of 
some very high-frequency currents has been obtained. 
Such high-frequency surges, due to arcing at switches, 
were discussed by the late Mr. Duddell in his Presidential 
Address on ''Pressure-Rises." § Such surges occur 
sometimes in cable systems. Itis as necessary nowadavs 
to calculate the surge impedance of a transmission line 
as it is to estimate its efficiency. With the increasing 
size of distribution high-pressure networks the possibility 
of the occurrence of surges due to sudden fluctuations 
of load at points where the nature of the transmission line 
changes, requires careful study. Steep-fronted wavcs 


* For low-frequency amplifiers, iron cores are advantageous as the great 
eddy-current losses at the higher frequencies tend to bring out the hich motes 
less strongly and to improve the quality of the reception. 

f “ Recent Researches in Electricity and Magnetism,” p. $23. 

t E. W. Marcnant and J. L. MintER: ‘ Loss of Energy in Metal Pires 
of Finite Thickness," Procecdings of the Royal Society, A, 1926, vol. Iil, p. t4 

$ Journal I.E.E., 1914, vol. 52, p. 1. 
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of high frequency along a transmission line may produce 
a dangerous rise of pressure at a point where the trans- 
mission system changes from overhead line to under- 
ground cable.* Only the other day an account was 
given of a length of 33 000-volt cable which had operated 
successfully for a number of years as an interconnector 
with another part of the system on which there were 
surges due to short-circuits and other line faults. As 
soon as the connection was completed the cable which 
had previously given no trouble broke down owing to 
severe pressure-rise. The chief danger of such high- 
pressure surges is the risk of their breaking down the 
insulation of cable dielectrics, but in certain cases 
there is an almost equally great danger due to the 
mechanical forces which come into play when high- 
frequency currents flow. These mechanical forces may 
be noticed in the discharge of condensers through 
small coils. One of the risks that is involved by the 
increased size of power stations is the large store of 
electrodynamic energy in the distribution system. As 
Lord Kelvin pointed out, when an electrical oscillation 
takes place the energy is transformed from electro- 
dynamic to electrostatic, and vice versa. With the 
increasing size of power stations the currents that will 
_flow when a short-circuit occurs are enormous and it 
follows therefore that the voltage that is produced when 
a free oscillation takes place will also be relatively high. 
It is well to remember that high-frequency currents 
may be produced in direct-current supply systems, as 
well as in those using alternating currents, if an arc 
or spark takes place at any point in a system; the 
currents so produced may cause oscillations which will 
give rise to a very high pressure on the system. A 
calculation made by the late Mr. Duddell, in the address 
to which reference has already been made, showed that 
with two 0:5 sq. in. cables laid 4 in. apart the pressure- 
rise that might occur if a current of 500 amperes was 


suddenly interrupted was of the order of 120 000 volts. | 


Quite recently F. Rutgers has described f experiments 
showing the generation of high-frequency oscillations 
due to short-circuits between the turns of a transformer 
or the break in an overhead line. These oscillations 
were detected by means of apparatus branched off one 
of the leads to the defective gear. The apparatus 
employed for detection was a crystal detector and 
telephone, or a valve receiver combined with recording 
apparatus. It is interesting to observe how closely the 
weak-current and heavy-current engineer are linked to 
each other, and the advantage which the heavy-current 
engineer can obtain by a knowledge of some of the 
phenomena of high-frequency currents, 

The lightning flash, which is the oldest electrical 
phenomenon with which the world is familiar, is, of 
course, a high-frequency discharge. Let me give a 
further quotation from Lord Kelvin's 1853 paper. He 


* Mr. E. A. Watson tells me that a few years ago considerable trouble was 
experienced by some manufacturers of magnetos, due to high-pressure surges 
of a frequency of from 50 to 190 millions per second. The spark of the magneto 
produces oscillation in the wires leading from the sparking plugs to the magncetos, 
which may break down the insulation of the first few turns of the transformer 
winding of the magneto. This trouble was less marked when the transformer 
was wound with cotton- or silk-insulated wires instead of enamelled wires. 
Che breakdown is now prevented by thickening the insulation of the first two 
layers of the transformer winding. 

t '" Observations of Disturbances (such as short-circuits) by High Frequency 
rue Bulletin des Schweizerischen Elektrotechnischen Vereins, 1925, vol. 16, 
p. . 
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says: ''It is probable that many remarkable pheno- 
mena which have been observed in connection with 
electrical discharges are due to the oscillatory character 
which we have thus found to be possessed when the 
condition C < 4A/k? is fulfilled." Speaking of lightning 
he says, '' if the interval of time at which the successive 
instants when the strength of the current is a maximum 
follow one another, be sufficiently great, and if the 
evolution of heat in any part of the circuit by the 
current . . . be sufficiently intense to produce visible 
light, a succession of flashes diminishing in intensity 
and following one another rapidly at equal intervals 
wil be seen. It appears to me not improbable that 
double, triple, and quadruple flashes of lightning which 
I have frequently seen on the continent of Europe and 
sometimes, though not so frequently in this country, 
lasting generally long enough to allow an observer . . . 
to turn his head round and see distinctly the course of 
the lightning in the sky, result from the discharge 
possessing this oscillatory character. A corresponding 
phenomenon might probably be produced artificially 


———————— áo Ae - d 
dte AU tat es 6 m m m e cg m a a MP RR 


we : 
Fic. 6.—Wave-front on 1 000 kilocycle per sec. timing 
oscillation, 


0:0001 sec. = 19 000 mm. 


on a small scale by discharging a Leyden phial across 
a very small space of air. . . ." These words do not 
sound antiquated to-day. 

Some interesting experiments have recently been made 
in the laboratories of the General Electric Co. in America 
by K. M. McEachron and E. Y. Wade dealing with 
transients similar to those which occur when lightning 
arresters flash over. By the use of a Dufour oscillograph 
these experimenters have been able to obtain photo- 
graphic records of transients lasting only a few millionths 
of a second and have been able to determine the time of 
operation of needle points. I am indebted to the 
courtesy of the General Electric Co. of America for 
allowing me to reproduce Fig. 6, from the photographs 
they have taken. It is, I think, the highest-frequency 
record that has yet been photographed. 

Another research which should be useful is due to 
the same source. Messrs. Lee and Foust * have shown 
that ''Lichtenberg"' figures were obtained by using 
apparatus consisting of a brass rod 1 cm in diameter, 
placed upright on a film with the emulsion side in 
contact with the electrode. This film was placed 
on a glass plate. On the reverse side and opposite 
to the electrode was lead foil. The brass rod was 
connected to one side of the gap across which the 


pressure due to the steep wave-front was to be 


observed, and it was found that the Lichtenberg figure 
obtained on developing the film increased in size not 
only with the pressure but with the steepness of the 
wave-front of the transient. The actual increase was 
from 0-2 mm to 13 mm for a change of gradient in the 


* General Electric Review, 1927, vol. 30, p. 135. 
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wave-front from 0-01 volt per micro-second to 100 000 
volts per micro-second. This method of observation 
of high-frequency surges has given valuable information 
as to the character of lightning flashes in certain systems 
where this trouble has been serious.* 


PRODUCTION OF ELECTRIC WAVES. 


The chief reason why high-frequency currents have 
become so much more important, practically, within the 
last few years, is of course due to the fact that they are 
used nowadays so universally for the production of 
electric waves. I well remember the interest which 
Lord Kelvin displayed in Hertz’s original experiments. 
It was in the year 1896 that he made a number of 
tests in the lecture theatre of his laboratory in Glasgow, 
repeating some of Hertz’s observations and using the 
Lodge coherer. His interest lay mainly in finding 
experimentally whether the theory which Hertz had 
published was correct. 

Nowadays the production of electric waves, and still 
more their reception, is a matter of common knowledge 
to all. No one, at the time of Lord Kelvin’s 1853 
paper, would have thought it possible that the man in 
the street to-day would be as familiar with the tuning 
of an electric circuit as the piano tuner is with the tuning 
of a piano. The technique of high-frequency currents 
is now better known (I will not say more clearly under- 
stood) than Ohm's law, and all this has come about 
within the lifetime of many of us. Broadcasting has 
made everyone familiar with the essential features of 
an oscillatory circuit. Not only has the increase in the 
production and detection of long and short electric 
waves taught us a great deal about the transmitting 
properties of the atmosphere to these waves and the 
behaviour of the earth's surface when subjected to 
high-frequency alternating currents, but it has enabled 
us to gain a greater knowledge of the nature of the 
upper atmosphere. The experiments recently described 
by Appleton have enabled us to realize how the state of 
ionization in the upper regions of the atmosphere varies 
from hour to hour. The layer of ionized air which is 
generally known as the Heaviside layer reflects the 
high-frequency waves which come against it. By 
changing the wave-length of the transmitting station 
it has been possible to estimate the rise in height of 
the layer when the sun sets and the fall in height when 
the sun rises, and it has been possible to estimate the 
number of electrons per cm3 in this layer. As time goes 
on, there will no doubt be many other observations of 
a similar kind. I have described a mere fraction of 
the applications that have arisen as the result of the 
start which was given to the study of high-frequency 
currents by Lord Kelvin's 1853 paper, and although 
one must be careful not to over-emphasize the value 
of one single contribution to the development of so 
large a branch of applied science, I think it may justly 
be said that, had it not been for this classical paper, 
a great deal of the progress that has been made within 
the last 70 years would have been impossible. Lord 
Kelvin had no conception of the range and scope of the 

* Since writing the above I have been shown some Lichtenberg figures taken 


(with a very similar arrangement attached to a Wimshurst machine) by Mr. 
C. J. Watson in 1903, which resemble very closely those given by Lee and Foust. 


applications of the solution he gave in his paper. It 
was a purely scientific paper dealing with a rather 
abstruse point in connection with electrical discharges. 
It was not written because he thought that the results 
would have any practical application; it was work 
done for the love of knowledge and for the advancement 
of learning, and it is in that spirit that I have tried this 
evening to put before you some facts and theories 
relating to high-frequency currents which will, I hope, 
render the study of them, and of the phenomena con- 
nected with them, a little more intelligible. I count it 
a great honour that I have been enabled to pay some 
tribute to the memory of one who will always be regarded 
as our greatest electrical engineer. 


APPENDIX I. 


THE DETERMINATION OF THE POWER FACTOR OF A 
DIELECTRIC FROM THE V-I CYCLOGRAM WITH 
INCLINED AXES. 


By Epwarp Youzr, B.Eng., Student. 


In finding the power factor of a dielectric the V-I 
curve was obtained with the cathode-ray oscillograph; 
and since a dangerously high filament temperature was 
necessary to produce a good focus of the rays, an axial 
magnetic focusing field was used in order to obviate the 
risk of fusing the filament. This caused the axes of 
the cyclogram to rotate through angles of different 
amplitude, and at the same time the axes became 
shortened. The figure obtained was similar to that 
shown in Fig. 7. 


Suppose the angle between the axes, OX, and OY, 
in Fig. 7, is 26. 

Let these axes be respectively u and v times the 
original axes. 

We have variations of : 


xı = uk, sin wt along OX, 
and y; = vK; sin (wt — y) along OY. 
The axes are made equal, hence 
uK, = vK, = K (say). 
Therefore 


and y, = K sin (wt — y). 


x, = Ksin wt, 


Now when wt = 7/2 the indicator is at Z, and we 


have 


and y, = ZX, = C cos j. 
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By division we find that: 
Z 
cos y = Ox 2 s ood (i) 


Suppose we now refer to axes OX and OY. Let the 
equation to the ellipse be: 


It is required first to find OA. Let OA = m, and 
let the slope of the line AX be tan d. The equation to 
the line AX is: 


y = x tan ġ — m. 

This is a tangent to the ellipse. 
x? (xtand — m)? 
E ALUN Ah 


Hence the equation 


a? b2 ae 
x x tan? $ — 2ma tan ó + m? _ 
or Ss a pate EMEN AMPRRCHEON L 
a? b2 
] tan? ó 2mrtanó m 
c Ste) tio 


has equal roots. 


m? tan? d m? 1 , tan? ó 
rence anes _ CST 
m?tan?ó m? mi? tan?d 1 tan?ó 
Therefore TM e m a c 3^ pe 
m2 1 tan?d 
Therefore ap? = aT a 
Hence m? = a? tan? d + b? (ii) 


which gives m = OA = y (a? tan? $ + b?) (iii) 
Now OX is given by putting y = 0 in the equation 
y =xtangd — m. 


That is xtang =m 


m 


tan $ 
AX? = OX? + OA? 
m? 5 
= tan? d +m 
= m*(1 + cot? d) 
= m? cosec? d 
AX = m cosec ó 
Therefore AX = cosec ġ y/ (a? tan? d + b?) 
Therefore 
OX, = XX, = JAX = 4cosec ġ y (a? tan? + b?) 
The point Z is given by 


(iv) 


Now 


Hence 


(v) 


(vi) 


por LU eei 
a b? b? b2 
a du e LU UU es 
a?b? b? b2 
2.2 2 
Be m?x _ 2mzx tan à Namen 
a? b? p? b? 
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2m tan 2m? 
—HH 7 $ - p +0 
" a? tan d 
m 
a? tan? d$ 
ium eR 
a? tan?  — m? 
m 
a? tan? d — a? tan? d — b? 
m 


Therefore g = 


or 


and 


b2 


m 
a? tang 
m 


b2 
Hence Z is the point ( = —) and, from (iv), 


X is the point (= 0). 


nó 

a? tan $ m M? X4 
x ur. 
a?tan?d — m^? 
"Manz m tan d m? 
a?tan?d — a? tan? $ — b? bt 
- m tan ġ ) Td 

på 

T me -= un + me 


4 
Or x2? = ka (3 + 1) 
m? \tan? d 


b4 

mi (cot? $ + 1) 
p 
m? 


Therefore XZ? — ( = 
m 


cosec? ġ 


E b* cosec? d 
— a? tan? $ + 5 
b? cosec ġ 


mes 4/ (a? tan? $ + 0?) 


Therefore (vii) 


Therefore 
b? cosec 
— ? tan? Pj ee e eae 
= $ cosec d 4// (a? tan? d + b?) Jatan g F 
_ $ cosec d (a? tan? $ + b?) — b? cosec $ 
A/ (a? tan? $ + b?) 
cosec œ (2 tan? j at 2 =) 
~. A/ (a? tan? $ + b?) 2 2 
. cosec ġ (a? tan? $ — b?) 
~ 24/(d? tan? h + b?) 


From equations (vi) and (viii) we obtain 


(viii) 


M 
cosec ¢ (a? tan? $ — ?) 2 
= ; 2 2, * Dian? 2 
24/ (a? tan? d + b?) — cosec $4/ (a? tan? d +b?) 
a? tan? ġ — b? 
a? tan? ġ + b? 
19-23 


Or cosy = 


When d = 45°, cos Jj = 


988 


APPENDIX II. 


A METHOD OF OBSERVING THE B—H CURVE BY MEANS 
OF A CATHODE-RAY OSCILLOGRAPH. 


A method of showing the B-H curve for a sample of 
iron is described below (see Fig. 8). The sample for 
which the B-H curve is desired is wound with a 
magnetizing coil and search coil in the usual way. (It 
is not necessary to use a ring, as the magnetic leakage 
at high frequencies is so great that the closing of the 
magnetic circuit does not make any appreciable differ- 
ence in the curves.) 

In series with the magnetizing coil is an ordinary air- 
core coil having a number of turns such that the voltage 
across it is of the same order of magnitude as that 
across the search coil. The ratio of voltages may con- 
veniently be made 1/5. 

The two coils are connected as shown in the diagram 
through high resistances R, E to the plates of the cathode- 
ray oscillograph. (It is sometimes desirable to shunt 
the cathode-ray oscillograph by a condenser, if the 
deflection is large.) 

If Q denotes the flux linked by the search coil, the 
e.m.f. across the coil is 


i a — volts 
108 dt 


and this will produce a current z through the resistance R 


i- 1 do T 1 
..AB dt "10 
If a condenser is arranged in series with the resistance, 
the current through it will be dq[dt, where q is the charge 
on each plate. 
Now q = CV, where C is the capacity of the condenser 
and V is the potential difference across it. 


dV 
1=C— 


Hence di 
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and if R is very large compared with 1/(Cw) (the 
reactance of the condenser for the frequencies used) 


l db dV 
Rx10 dt dt 


Integrating this equation we obtain 


1 


Ze I — CV -+ constant 


and if D — 0 when V — 0 the voltage V on the plates 
of the cathode-ray oscillograph 


140 
r = (aa) T 
where Ọ is the flux linked by the coil. 
O 
i m 


Cathode - -Tay 
E rare 


Fic. 8.—Arrangement for finding B-H curve. 


If the capacity used be 0-0003 pF at a frequency of 
10$ we have 


MS 1o = 530 ohms 

Cw ` 0-0003 x 2m x 108 — 

and if there is a resistance of, say, 10 000 ohms in the 
circuit the voltage across the plates is very nearly pro- 
portional to @, i.e. to the flux density in the iron. In 
the same way the voltage on the other pair of plates 
is proportional to H, and the figure obtained on the 
screen of the cathode-ray Geaoerar? gives the shape 
of the B-H curve. 
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IRREGULARITIES IN CONTINUOUSLY LOADED CABLES.* 
By A. Rosen, Ph.D., Associate Member. 
(Paper first received 27th May, and in final form 15th July, 1927.) 
SUMMARY. where w = 27 x frequency. A discussion of the varia- 


For continuously loaded cables designed for use with 
amplifiers (two-wire working), it is important to know the 
manner in which the characteristic impedance/frequency 
curve is affected by variations in the line constants and by 
the position of these irregularities. The results obtained 
are expressed in the form of the vector difference between 
the impedance of the cable and that of an artificial network 
designed to simulate a perfectly uniform line. Various 
discontinuities are considered, including sections of uniform 
impedance and of impedance varying regularly along the 
line. Finally some deductions of a general nature are drawn. 


INTRODUCTION. 


When telephone cables are used in conjunction with 
2-wire repeaters, the line is balanced by an artificial 
network so constructed that its impedance simulates 
that of the cable over a range of frequencies. The 
efficiency of the amplifier depends on the closeness with 
which the artificial line balances the cable, and the 
range is limited by filters or other means to include only 
the necessary frequencies in the human voice. In the 
same way, for duplex working in submarine telegraphy 
an artificial line is required, and filters may be utilized 
to pass only currents of the essential frequencies. Con- 
tinuously loaded cables are used now in both telephony 
and telegraphy ; duplexing of loaded telegraph cables 
has not, however, been successfully accomplished yet, 
on account of the very high degree of balance required. 
Whilst networks can be constructed without much 
difficulty to simulate a perfectly smooth line, unevenness 
causes corresponding irregularities in the impedance/fre- 
quency curve which are difficult to reproduce, and this 
constitutes one of the limits to the accuracy of the 
balance. It is usual now in the specifications for 
telephone cables to demand that the departures from 
the mean curve shall not exceed a certain value, say 
5 per cent of the impedance, and it is therefore im- 
portant for designers and manufacturers to know how 
irregularities in the constants of the cable and their 
distribution along the line affect the impedance at 
the end. 

Factors INFLUENCING IMPEDANCE. 


The characteristic impedance Z, of a loaded cable 
having uniformly distributed resistance, inductance, 
Capacitance and leakance, equal respectively to R 
ohms, L henrys, C farads and G mhos per unit length 
is given by 

R + jwL 
y em AG e) vector ohms . . (D 


* The Papers Committee invite written communications (with a view to 
poplars in the Journal if approved by the Committee) on papers published 

the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 


tion of Z, with frequency in a uniform continuously 
loaded cable is given by W. T. Palmer.* Generally 
R and G are small compared with wL and wC respectively 
and hence 


Zo, = NE ohms, approximately . . . (2) 


We see, therefore, that inductance and capacity are 
the chief factors in influencing the impedance, and, 
further, that a small percentage change in either of 
these will cause half that percentage change in Z,. In 
the following discussion the departures from uniformity 
are small and are such as may occur in practice, say 
+ 10 per cent for Z,, i.e. + 20 per cent for either L or 
C. We shall assume that the balancing network has an 
impedance Z, and we shall determine the out-of-balance 
impedance Z,, between the network and the cable. 


ONE DISCONTINUITY. 


Consider a line of length l, characteristic impedance 
Z, and propagation constant y. Let this be joined to 
an infinite line of characteristic impedance Z,, or to 
a finite line closed by an impedance Z,. The impedance 
at the near end is the same as that of the uniform line 
of length / terminated by Z, and is given by 

Z — Z, (2 cosh yl + Zo Smh Y) (3) 
Zo cosh yl + Z sinh yl 
Now let Z, be nearly equal to Zo i.e. Z4 = Zo + Zæ 
where Z,/Z, is a small quantity. 
Then 


Z-Z les yl + sinh yl + (Z4/Z,) cosh 5] 
?L.cosh yl + sinh yl + (ZalZo) sinh yl 
= 2) 1+5 cosh yl — sinh yl | | 
e Zo cosh yl + sinh yl + (ZalZo) sinh yl 


Since Z,/Z, is small, this becomes 


Zq cosh yl — sinh Y) 

m zt + Z,'cosh yl + sinh yl 
= Z, + Zae? ......... (4 
Therefore in the case of one discontinuity Zą at a 


distance / 
Z,-—Z2,77l . . . . . . (68) 


This may be written 
Z, = Zee 382a] = Z,e-?8 (cos 2al — j sin 2al) . (6) 
where y = B + ja, B and a being the attenuation and 


wave-length constants respectively. 
* Post Office Electrical Engineers’ Journal, 1927, vol. 19, p. 368. 
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Thus, when the characteristic impedance of an infinite 
line changes suddenly by a small amount Z, at a dis- 
tance l, the effect at the near end is as if the vector Zg 
were attenuated by the factor e7?8! and turned back- 
wards through the angle 2al. Now in a loaded cable 
a —«w4/(CL) approximately, ie. the angle turned 
through is proportional to the frequency. If we plot 
the resistance and reactance components of the measured 
impedance of the cable against frequency, the irregu- 
larity will manifest itself as a periodic departure from 
the mean curve. The distance between successive 
crests will correspond to a value w’ in which the vector 
Z,e~2¥ turns through 27 radians, 


i.e. 2o! /(CL)l = 2m 
7T 
l = o A/ (CL) e . . . e (7) 


This method of locating the position of an irregularity 


whence 
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was given by Robinson and Chamney in their paper 
"Technical Developments of Telephonic Repeaters 
since 1917." * 

Considering equation (6), the modulus of Z, is Z,e-?8!. 
If the irregularity is caused by inductance or capacity, 
Za will appear as a vector of zero angle, i.e. as a resist- 
ance. Further, equation (2) shows that the impedance of 
a continuouslv loaded cable is approximately independent 
of frequency, i.e. Z, is constant. The components of 
Z, will be 


Resistance R, = Z,e~ 26! cos 2al 
Reactance X, = — Z,4e-7?8 sin 2al 


(8) 


To illustrate the variation of Z, with frequency, we 
Shall take as an example for this and the succeeding cases 
a continuously loaded cable having Z, = 500 ohms, 
a = w/20 000 radians per mile, and f varying from 
0:018 hyperbolic radian per mile at 2 000 radians per 
sec. to 0:026 hyperbolic radian per mile at 15 000 
radians per sec. (Fig. 1). Z4 will be taken as 10 ohms 

= 2 per cent of Z,) and may be caused by a deviation 
of 4 per cent in inductance or capacity. The modulus 
and, in some cases, the components of Z, will be 
plotted against frequency over the range 2 000 to 15000 
radians per sec. 

In Fig. 1, equation (6) is plotted for l = 10 miles. 

* Institution of Post Office Electrical Engineers, Paper No. 76. 


Two DISCONTINUITIES. 


Let the nearest length OA have a characteristic 
impedance Z, and propagation value yl,. At A the 
impedance changes by the small amount Z, and at a 
more distant point B by the further amount Z. The 
length AB has a propagation value y(lj — J,) and from 
B onwards the cable is infinitely long. (It is understood 
that in all cases where an infinitely long line is referred 
to, the equivalent can be obtained by a finite line closed 
by its own characteristic impedance.) 

Consider first the line from A onwards. The section 
AB has an impedance Z, + Z, and the change at B is 
Zy. Substituting the values in equation (4) we obtain 
for the impedance at À 


Zo + Za + Zye-?Yh-h) 


Now taking the line from O, the section OA has an 
impedance Z, and the change in impedance at A 1s 
Za Zye-7Ydl-h), Substituting in (4) we obtain 


Z = Z+ {Za + Zye 7 ?Yls-hYye— Zyl, 
= Zo + Zg4e-?Yh + Zyg7 ?vh 
whence Z,-—Z$,-?n -FZy-?vrs . . . . . (9 


SEVERAL DISCONTINUITIES. 


In the same way it can be shown that if there are a 
number of changes in impedance at points A, B,C... 
equal to Z,, Zə» Ze . . . respectively, the final section 
being infinitely long, and if the propagation value of 
the line between the measuring end and these points 
be yl,, Yla ls, . . . respectively, then the out-of-balance 
impedance will be 


Zu Z Ze 2h + Zye— 27 + Zæ 274s + Bare, a (10) 


Thus each discontinuity can be considered separately ; 
the change in impedance at any point is modified by 
the total propagation figure between the point and the 
near end, and the combined effect is the sum of these 
individual values. 

It is interesting to notice the resemblance between 
equation (10) and the formule for the variation of the 
interference coefficients with the distance from the 
measuring end.* 


SECTIONS OF UNIFORM IMPEDANCE. 


(1) Two discontinuities, at the second of which the 
line changes back to its initial value, i.e. a section of 
impedance Z, + Z, and propagation value yd between 
two sections of impedance Z, The final section 15 
infinitely long and the propagation value up to the 
mid-point of the second section is yl (Figs. 2 and 3). 

The changes at A and B are Z, and — Z, respectively. 
Substituting in equation (10) we obtain 
Ly = ae 27-4) = e- 2rit+ id) 
= 2Z,e—-2% sinh yd. . . . . . (I 
Now sinh yd = sinh (B + ja)d. 
In a loaded cable B is small compared with a and 
hence, approximately, sinh yd = sinh jad = j sin ad. 
Thus Z, = 2Z,e—"F! (cos 2al — j sin 2al)j sin ad 
Modulus of Z, = 2Z,e-?8 sin ad. . . (12) 


* A. Rosen: ‘Interference between Circuits in Continuously Loaded Tele 
phone Cables," Journal I.E.E., 1926, vol. 64, p. 861. 
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If the irregularity is caused by inductance or capacity, 
Z, will appear as a resistance, and the components of 
Z, will be 


Resistance R, = 2Z,e-?8! sin 2al sin ad 


] 
Reactance X, = 2Z,e—?8! cos 2al sin ad (13) 


In Fig. 2 the irregular section is short, being 1 mile 
only. In this case, the unbalance increases with 
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frequency from a small value to one somewhat larger 
at 15 000 radians per sec. than for a single discontinuity 
(Fig. 1). In Fig. 3 a longer section of 4 miles is con- 
sidered, and it will be seen that the maximum is almost 
double that of Fig. 1, i.e. the two discontinuities add up. 


LELEBELLLLLL 
CCAS 
CACC 
ZAC A 

CCPC 
SETORAN 
AHH 
CAUCE DAE 
CAE 

COCOA 
NULLICNV LET 
NI BREE 


+12 


+8 


a 


100 


AL 4 miles 


€ x lO radians per second 
Fic. 3. 


(2) Two successive sections AB, BC, each of propaga- 
tion value yd, have impedance Z, + Z, and Z, — Z, 
respectively. The initial section OA and final section 
from C onwards have impedance Z,. The propagation 
value from O to B (mid-point of irregularity) is yl. 
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At O, the change in impedance due to section AB 
is, from equation (11), 
2Z,e— ?Y0—M) sinh yd. 
Similarly the change due to section BC is 
— 2Z,e—2r+44) sinh yd. 
Therefore Z, = 2Z, sinh yd{e—2v\'—i4) — e—2yl+id} 
= 4Z,e—27! sinh? yd (14) 
(14a) 


Modulus of Z, = 4Z,e- ?8! sin? ad approx. . 


LIMITING LENGTH OF SECTIONS. 


From equations (11) and (14) it appears that two 
successive sections having equal and opposite deviations 


do not necessarily cancel each other out, in fact if ' 


they are long enough they will add up. We may take 
the limiting length as that for which the resultant is not 
greater than the value for one section alone, i.e. 
2 sinh yd > 1. With the foregoing approximations 
this is 

sin ad > 4 


1.e. d > — 


For the cable considered, if the deviations are not to 
add up over the range up to w = 15 000 radians per 
sec., d > 0:7 mile. 


SECTIONS OF UNIFORMLY VARYING IMPEDANCE. 
(1) The initial section OA of impedance Z, is suc- 
ceeded by the portion AB in which the impedance varies 
in a regular manner from Z, at A to Z + Z, at B. 


*8 


Ohms 
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From B onwards the impedance is Zo- Za- Thus 
there is no sudden discontinuity anywhere along the 
line. The propagation value of AB is yd and from 
O to the mid-point of AB is yl. 

The variation of impedance along AB may be in 
any one of a number of ways. We shall take the simplest 
case in which the impedance is related to length by a 
straight-line law, i.e. at any point K on AB distant 
p from A the impedance is 


Z, + Zar (Fig. 4). 
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We may consider the varying portion as built up of 
a large number of small, uniform sections each of length 
dz. The change of impedance at any step is Z,02/d. 
Considering a small discontinuity at a distance z from 
the measuring end, the change at O will be 


OZ, = DAL 
d 
The total due to all the discontinuities will be 36Z,, 
and as the number of steps is increased indefinitely the 
total becomes 


lr id dz 
i 


—id 
[+d 
pe 
— 2yd I— id 
inh yd 
= Zcin m. (16) 


It will be seen that, as AB becomes small, the change 
in impedance becomes more abrupt, and, in the limit 
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when d becomes zero, the arrangement is the same as 
the first case considered above. Correspondingly, as 
d approaches zero, sinh yd[yd — 1 and in the limit 
equation (16) simplifies into equation (5). 


Modulus of Z„ = Zge—?F! (sin ad)Jad approx. . (162) 


If, as above, Z, is a vector of zero angle, the com- 
ponents of Z, are 


i d 
Ry = Zae- BEA COS 2al 
ad 
sin ad (17) 
Xy, = — Ze?! A Sia 2al 
ad 


(2) Two successive sections AB, BC each of propaga- 
tion value yd have impedances varying from Z, to 
Zo + Za and from Z, + Za back to Z, respectively. 
The initial section OA and the final section from C 
onwards have impedance Z,. The propagation value 
from O to B (inid-point of the irregularity) is yl (Fig. 5). 
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At O the change in impedance due to section AB is, 
from equation (16), 


Z,e7 21-44) (sinh yd)/yd 
Similarly, due to section BC the change is 
— Zae 21034) (sinh yd)/yd 
Z, = Zq (sinh yd)/yd(e-?Yt 742) — eW 2y(t+ iy 
= 2Z,e-27 (sinh? yd)/fyd . . . - + - (18) 
(3) A section AB of propagation value yd has an 
impedance varying regularly from Z, + )Z, at A to 
Z,— Za at B. The initial section OA and the final 
section from B onwards have impedance Zo. The 


propagation value from O to the mid-point of AB is 
yl (Fig. 5). 


The change in impedance at A is + 12, 
The change in impedance at B is + Za 


The effect at O due to these two discontinuities is 
1Z, (e 210—414) 4 e- 2X0 D) — Ze? cosh yd. 
The effect at O due to the uniformly varying portion 
AB is 
— Z4e-?!! (sinh yd)/yd 
Therefore Z, = Z4e- £l [cosh yd — (sinh yd)/yd] . (19) 


Modulus of Z, = Z,e-?8 [cos ad — (sin ad)/ad] T 
| 9a 


When Z, is a vector of zero angle, the components 
of Z,, are 
Ry = Zae™?® [cos ad — (sin ad)/ad] cos 2al . (20) 


X, = — Z,e-?8 [cos ad — (sin ad)/ad] sin 2al 
We may write 
aipee un Os 
(sinh yd)/yd = ate + ‘ya EZ gr +.. .} 
2 4 
ang m 
.. cosh yd — (sinh yd)lyd = yay" + o +... 


If yd is small, so that (yd)4/30 can be neglected com- 
pared with 1, 
Zu = 4Z,e7 21 (yd)? ox Xu. Oe ope Rd) 


Modulus of Z, = 3Z4e- ??'(ad)? approx. (21a) 


SoME GENERAL DEDUCTIONS. 


(a) Equation (21a) is of interest, as it shows p 
effect of replacing a uniform section by a varying leng 
having the same mean value of Z,. For example, à 
regular variation in capacity might be caused in E 
stranding together of the cores. and the usual test wou 
give only the mean figure ; what variation is permissible : 
If, for the cable considered, the section were i mile 
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long, and the variation of capacity from end to end 
10 per cent, the irregularity at a distance of 10 miles 


400 
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Fic. 6.—Impedance/frequency curve of land section of 
Anglo-Belgian (1926) cable. Length — 182 miles. 


would be about 3 per cent of Z, at the highest frequency. 
Hence for sections of such a length the effect can be 
neglected. 


VoL. 65. 
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(b Equation (15) shows that the extent to which 
neighbouring deviations in opposite directions cancel 
each other depends on a. Other things being equal, 
the greater.the wave-length constant the more will 
be the resultant irregularity at the end, and thus heavily 
loaded cables would tend to have less uniform Z,/f 
curves. 

(c) For the purposes of the calculations above, it was 
suffüciently accurate to take Z, as being a vector of 
zero angle, but in practice the impedance may have 
quite a large reactive component, particularly at low 
frequencies. In the measurement of impedance the 
line is sometimes terminated with a resistance equal 
to the impedance of the cable, and, if it is not very 
long, appreciable undulations will be caused in the 
Z,|f curve owing to the discontinuity at the terminating 
point. It is preferable in that case to shunt the end 
resistance by a variable condenser, the combination 
being adjusted for each frequency to have the same 
impedance as the cable. 

A typical Z,/f curve for a recent continuously loaded 
underground cable is given in Fig. 6. The cable, 
which connects Canterbury with Dumpton Gap, is the 
land portion of the Anglo-Belgian (1926) cable, and 
is 182 miles long. It contains 14 physical circuits, and 
12 of these were looped up to give a total length of 
225 miles, the distant end being terminated by the 
characteristic resistance. The maximum departure 
from the mean curve is 0:8 per cent. 

The author desires to express his thanks to the 
management of Messrs. Siemens Bros. and Co., Ltd., 
Woolwich, for permission to publish this paper. 
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RATING AND SERVICE CAPACITY OF TRACTION MOTORS.* 
By F. W. CARTER, M.A., Sc.D., Member. 


(Paper first received 27th May, and in final form llth August, 1927.) 


SUMMARY. 


The rating of traction motors is first discussed, and it is 
shown that the one-hour rating has no significance in con- 
nection with modern motors, and should be dropped, inas- 
much as it tends to interfere with rational development. The 
heating of the motors is then analysed, and methods for 
estimating it in a given service are described. Finally, 
service tests are discussed, with their relation to certain 
stand-tests based on the given service. 


(1) INTRODUCTION. 


The designing of traction motors has, almost from 


their inception, been the work of specialists concerned 
exclusively with the subject, or even with a mere frac- 
tion of the subject. The reasons for this are to be 
found in the special and difficult nature of the work, 
due to the rigid limitations imposed by gauge and 
vehicle structure on the dimensions of the motor; to 
_the severe and fluctuating stresses to which the machine 
is subjected, not only by its loading, but as a result 
of the inevitable unevenness of the track on which it 
runs; to the impracticability of keeping the motors 
under supervision or providing for them more than 
occasional inspection, although, from the nature of 
the service, an insignificant breakdown not infrequently 
necessitates the deliberate wrecking of a motor. It 
is because the train motor is in a very marked degree 
the controlling factor in the installation, and the key 
element in successful operation, that a system of railway 
operation has been adopted in this and other countries, 
which, apart from the excellence of the motor in per- 
forming its duties, offers few outstanding advantages. 
It is not, however, only in the matter of design that 
the traction motor is peculiar. Its rating, although 
forming the subject of a British Standard Specifica- 
tion,t is anomalous, having a significance apprehended 
by few even of those who have to deal with the motor. 
The connection between rating and service capacity is 
remote, and indeed, in any but an empirical sense, 
hardly existent. The testing of the motor requires 
special equipment, and methods are used in developing 
its characteristics which are not customary in connection 
with other classes of electrical machinery. The present 
paper deals with the matter of this paragraph. The 
discussion, although not limited in general application, 
is conducted around the direct-current series motor, 
partly on the ground that the more general a discussion 
is, the more nebulous it is likely to become, and partly 
* The Papers Committee invite written communications (with a view to 
publication in the Journal if approved by the Committce) on papers published 
in the Journal without being read at a meeting. Communications should reach 
tbe Secretary of the Institution not later than one month after pubiication of 


the paper to which they relate. 
t B.S.5. 173, 1923. 


because this is the commonest type of traction motor, 
and indeed the only type of interest in this country. 


(2) RATING OF MOTORS. 


The rating of a motor is defined in the British Standard 

Specification * as the ‘‘ output assigned to it by the 
maker together with the associated conditions." This 
is not helpful, and cannot be said to define anything. 
The definition’ given in the American Rules,t viz. 
“A rating of a machine, apparatus or device is an 
arbitrary designation of an operating limit,” sacrifices 
perspicuity to brevity, and is moreover too general 
for its purpose—a limiting speed, for instance, as usually 
understood, appears to be embraced by this definition. 
The following is submitted, with deference, as embodv- 
ing the modern conception of rating: ‘‘ The rating 
of a machine is a numerical characteristic designating 
power, and is determined in a specified manner so as to 
conform with some limit.” 
' The rating, being necessarily determined under rigid 
conditions convenient for testing, is quite artificial ; 
but it is, nevertheless, the intention that it should 
bear a close relation to the service for which the machine 
is designed. Thus, if work has to be done at the 
rate of 10 horse-power, it is expedient that the appro- 
priate motor should be rated at 10 horse-power; and 
the method of determining the rating should secure 
this, as far as may be practicable. This indeed is the 
vulgar conception of rating, and, being founded on a 
need, is the real justification for its existence. 

In the case of traction motors, however, there is no 
practicable rating which is truly related to service. 
For although tramway motors are often selected on 
the basis of their rating, the connection between the 
rating and the service is quite empirical; and even 
here, a radical change of type, such as occurred when 
fan-ventilated motors were introduced, requires à 
revision of ideas concerning the relation between rating 
and service. In the case of railway motors, the service, 
or at least the limiting service, is generally known 
approximately; and by suitable calculation the per- 
formance of a proposed motor in the service can be 
determined with sufficient accuracv. The determination, 
however, does not involve the rating in any way. 

Although there is no definite connection between 
the rating and service of a traction motor—and perhaps 
because of this fact—the motor is given at least two 
ratings, viz. a one-hour rating and a continuous rating. 
The ratings are at present under revision and their 

* Loc. cit., definition I. The author, as a member of the Traction Motor 
Panel of the B.E.S.A., accepts partial responsibility for the definitiou. 

+ Standards of the American I.E.E., July 1925, No. 11-100. 
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continuous ratings. 
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exact specification is not essential to the present paper ; 
but it may be said generally that the one-hour rating 
is determined by the current input to the motor at 
normal voltage, which, continued for one hour only, 
with the motor suitably mounted on a test-bed, causes 
a certain maximum observable temperature-rise in the 
motor, above its initial temperature; and the con- 
tinuous rating is similarly determined by the input 
which, if continued indefinitely, causes a certain maxi- 
mum temperature-rise above the ambient air. Usually, 
in speaking indefinitely of the rating of a motor, the 
one-hour rating is meant, this being the older and 
better established, but it is generally conceded that 
the continuous rating is the more important, as being 
the more closely related to service, and it is hoped 
that it will eventually supersede the one-hour rating. 
Before the introduction of commutating poles, the 
empirical evolution of design had brought the one-hour 
rated current approximately to the maximum that 
could be usefully commutated by the machine, and 
the accelerating current in service was also chosen 
at about the same figure, in order to make full use of 
the properties of the motors. The one-hour rating 
then had significance in connection with motor per- 
formance. With modern motors, however, the one- 
hour rated current is neither an operating limit for 
the motor, nor has it any particular relation to the 
maximum or other definite service current. It is a 
survival which has lost significance, and it is contrary 
to the principles of good design to attach importance 
toit. Two things may be said for the one-hour rating, 
(1) that it is established and connected in an empirical 
manner with tramway service, and (2) that it furnishes 
a useful test, generally of sufficient severity to bring 
out latent defects in the motor. With regard to the 
latter point, however, it is by no means essential that 
a certain convenient shop test should be used for the 
purpose of establishing a rating. The matters are 
independent; the rating has reference to a type, 
although the test may be given to every motor made. 
The author, and the British Committee of the Inter- 
national Electrotechnical Commission, have for some 
time advocated dropping the one-hour rating entirely ; 
not only, or primarily, because it has no relation to 
service, for this would be of small consequence if its 
arbitrary nature were fully appreciated, but because 
this is so seldom appreciated, and the rating is accorded 
a status as an index of operating quality out of all 
proportion to its value. There is a tendency for en- 
gineers responsible for the electrification of railways 
to press for higher ratings than their most severe ser- 
vices require, under the impression, perhaps, that a 
high rating implies a large margin of dynamical capacity, 
or perhaps that the higher the rating the less the heating 
in service, and the less the heating the lower the main- 
tenance cost. As an indication of dynamical capacity 
the rating is worthless, for the peak loads, of service 
have no relation to it, and are often much in excess of 
it. With regard to heating in service, if, with a par- 
ticular type of motor, lower temperature is attainable 
without sacrifice of more desirable qualities, a modi- 
fication of design may be justified, and this would often 
result in an increased one-hour rating, and usually in 


an increased continuous rating. Heating in modera- 
tion is, however, not deleterious to the motors, and its 
reduction may easily be bought at too great a price. 

Some of the objections to the one-hour rating apply 
also to the continuous rating; but, although not inti- 
mately related to service, it is more closely allied to 
it than is the one-hour rating. In ventilated motors, 
indeed, the continuous rated current is roughly com- 
parable with the square root of the mean square of 
the service current which yields the same ultimate 
temperature-rise. As far as the author is aware, 
moreover, there has hitherto been little tendency to 
assess the value of motors according to their continuous 
rating to the exclusion of more important features. 
Nevertheless, the continuous rating, like the one-hour 
rating, should be accorded only such value as rightly 
attaches to its artificial nature, for it would be detzri- 
mental to development to make it a controlling factor 
in the appraisal of motors. Although related in a 
general manner to the heating in service, the connection 
is ill-defined; and moreover this heating should not 
be prescribed or unduly restricted, without reference 
to other qualities necessary for the attainment of 
satisfactory operation. 

The class of insulation generally used for railway 
motors is intended to admit of a maximum operating 
temperature of 145? C., or even higher for short periods, 
and a value as high as 130? C. is recommended as appro- 
priate for normal service. These figures represent 
American practice,* in which the cost, both in power 
and maintenance, of carrying unnecessary weight on 
the trains is perhaps more fully appreciated than in this 
country. There is no objection to the retention of a 
greater margin between normal and maximum operating 
temperatures, provided it is legitimately paid for, and 
not obtained at the cost of more desirable features. 
The desideratum in all engineering matters is minimum 
final cost, and this is not to be attained by concentrating 
attention on a few of the factors involved. Of these 
factors, first cost may be relied upon to receive more 
consideration than is rationally due to it. Energy 
consumption is generally taken into account by appro- 
priate service calculations. Driving costs are outside 
the engineer's control. Maintenance costs, with which 
may be included the direct and indirect expenses and 
losses incidental to breakdown in service, are supposed 
to be reflected in the heating. Actually this is only 
one of the factors affecting the expenses of main- 
tenance, but it happens to be capable of approximate 
measurement and definite specification under test 
conditions, and accordingly receives consideration, 
relatively to less definite features, which its importance 
does not warrant. Since the design of traction motors is 
controlled, not only by competition in prime cost, but 
bv actual physical limitations, some of the less tangible 
elements tending to good operation have an importance 
which it is wise to recognize, even at the expense of the 
heating. The maximum heating in normal service 
should be separated by a sufficient margin from the 
minimum destructive heating, but, subject to this 
limitation, the designer should be free to consider 
his problem as a whole. Rating, as such, should have 

* Standards of the American I.E.E., July 1925, No. 11-1. 
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no place either in the design or the appraisal of traction 
motors. 


(3) HEATING OF Morons. 


In order that the designer may be able to realize 
the possibilities of his design, it is important that he 
should be able to estimate the heating of the motor in 
the service for which it is designed, with confidence in 
a reasonable degree of correspondence between his 
estimate and actual performance. The remainder of the 
paper is concerned with these matters, being a dis- 
cussion of heating in service, of motor tests by means 
of which the approximate heating in service can be 
determined, and of appropriate methods of computing 
the heating from the tests. Meticulous accuracy 
is not sought, for, since service is always indefinite to a 
greater or less degree, it is unattainable in any useful 
sense. Scientific methods are followed as far as prac- 
ticable, these having demonstrated their superiority 
over the merely empirical. 

The temperature attained by a traction motor in 
service depends on the temperature of the surrounding 
air and on the motion of the motor relatively to it, 
on the amount, distribution and incidence in time 
of the losses in the motor, and on the arrangements 
for dissipating the heat developed. The excess of 
temperature of the motor above that of the surround- 
ing air depends principally on the latter factors, although 
certain motors of old type (i.e. unventilated motors) 
are cooled appreciably by the motion of the car. It 
is expedient, and, in general, sufficient, to discuss the 
question of heating in terms of this temperature-rise, 
rather than in terms of temperature itself, it being 
understood, however, that deterioration is brought 
about by excessive temperature in the insulating 
materials, so that the prevailing maximum air tempera- 
tures of the locality should be taken into account. 

The temperature-rise of any part of a motor in ser- 
vice depends both on the heat developed in or about 
the part, and on the heat developed in more distant 
parts and brought therefrom by conduction, con- 
vection and radiation. On account of the transfer 
of heat from one part of the motor to another, in the 
course of its dissipation, a local development does not 
cause a local rise of temperature of commensurate 
amount, but in some degree contributes heat to the 
motor generally. The transfer between armature and 
field coils is doubtless smaller in motors cooled by 
multiple ventilation (i.e. having independent air currents 
outside and through the armature) than in totally 
enclosed motors, in which the armature heat passes 
out through the field structure, or in motors cooled by 
series ventilation, in which the field heat passes in 
large measure through the armature. Nevertheless, 
if the motor is well designed, so that the balance 
between field loss and armature loss is suited to the 
system of ventilation adopted, it 1s substantially true 
that the maximum determinate temperature-rise in 
service depends principally on the total loss of energy 
in the motor; and the effect of its distribution between 
armature and field is insignificant compared with 
variations due to the natural indefiniteness of service. 
This is not true of all artificial loads that could be 


when temperatures are to be determined.* 


put upon a motor in test, and a motor the temperature 
of which is uniform in service does not usually show 
equal uniformity in rating tests. 

The losses which cause the heating of a motor may 
be thus classified :— 


(1) Resistance loss in the windings. 

(2) Resistance loss at brush contact surfaces. 

(3) Friction loss, principally brush friction. 

(4) Iron loss. 

(5) Load loss, comprising certain incalculable resist- 
ance and iron losses. 


In service these losses vary in amount and distri 
bution from moment to moment; and it is imprac- 
ticable to reproduce the sequence, and difficult even 
to secure the correct average distribution, of the losses 
on the test bed. The motors, however, have consider- 
able capacity for heat, and, unless the service is very 
exceptional, the temperature-rise of the motors may 
be assumed to depend on the average losses taken over 
a considerable period, with some bias, possibly, in 
favour of the losses which occur shortly before the time 
In many 
services it is sufficient if the average loss during the 
whole working day is taken into account. In some 
services, however, as where trailing loads or gradients 
are principally in one direction, the load on the motor 
is heavy for a considerable period, which is followed bv 
a period of comparatively light load ; in such cascs it 
may be necessary to follow the loading cycle more 
particularly, and it is here that the methods just cited 
are likely to prove most useful. 

In a motor cooled by forced draught, the maximum 
ultimate temperature-rise is a function of the rate at 
which heat is developed, and of the rate of flow of air 
through the motor. In a motor which dissipates its 
heat without external aid, the most important feature 
influencing the maximum temperature-rise for a given 
dissipation is the armature speed. In totally enclosed 
motors, the greater the armature speed the more uniform 
is the internal temperature, and accordingly the lower 
is the maximum temperature for a given development 
of heat. In self-ventilated motors, the greater the 
armature speed the more effective is the ventilation, 
and the lower the consequent temperature. In either 
of these types it would seem that the rate of dissipa- 
tion of heat, expressed in watts per degree temperature- 
rise (wherein ‘‘ watts'' refers to the total power loss 
in the motor, and '' temperature-rise ” to the excess of 
the maximum observable motor temperature above the 
ambient air temperature) is approximately a linear 
function of the armature speed. Test-results are 
certainly irregular, but the author, having had expen- 
ence of many motors, has detected no decided bias 
which would lead him to modify the conclusion here 
expressed. From the point of view of facility of calcu- 
lation the conclusion is a fortunate one, for it jusuibics 
the deduction that the mean dissipation, when, as in 
service, the armature speed varies continually and 
between wide limits, is the dissipation at the mean 


* For the method of computing the correct bias see F. W., CARTER: " Some 
Notes on Heat-runs,'' Journal 1.E.E., 1903, vol. 52, p. 1104. 
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speed. Fig. 1 is a dissipation curve deduced from stand 
tests, for a certain fan-ventilated motor, showing also 
the points derived from the individual tests. The 
method of determining the curve and the manner of 
using it in estimating service temperatures will now be 
discussed. 

The principal losses which cause heating of the 
motors have been indicated above ; but before they can 
be adapted to the purpose of the present discussion 
they must be quantitatively defined. Some of the 
losses vary under apparently similar operating con- 
ditions, or, to put the matter more accurately, the 
motor itself varies in features, such as the roughness of 
the commutator, which cannot readily be taken into 
account. Other losses are either unknown or so difficult 
to determine that a reasonable approximation to them 
has to be accepted. The losses actually dealt with 
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Fic. 1.— Relationship between watts dissipated and armature 
speed. 


Resistances at 75? C, :— 


Full field ex 0:142 ohm* 
Tapped field = 0:110 ohm, 
Friction =1°6 x r.p.m. 


are therefore in some respects conventional, and are in 
general presented in a form convenient for the calculation. 
Two conditions may be enjoined ; firstly, the assumed 
losses should correspond as nearly as practicable to 
actual losses in the motor, having regard always to 
facility of calculation ; and secondly, the data, method 
and conventions used in applying the dissipation curve 
to specific problems should be the same as were used in 
obtaining it, in order that errors may be in large measure 
annulled by compensation. With each dissipation 
curve, the appropriate resistances, core-loss curves, and 
friction coefficient should be associated. 

The resistance loss in the windings is generally the 
largest of the losses, as well as the most definitely 
determinate. In the tests from which the dissipation 
curve is deduced, which are heat runs at constant input 
continued until steady conditions have been attained, 
resistances are measured immediately after shutting 
down, and, except for a slight indefiniteness in estimating 
the effective armature resistance, the loss at the time 
of shut-down may be considered to be known. In 
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computing the loss in service, the windings may be 
assumed to be at the highest temperature permitted, 
and the resistance computed accordingly. This resist- 
ance, multiplied by the square of the current, gives the 
loss at the instant, the mean value of which, weighted 
if necessary in the manner indicated,* is effective in 
heating the motors. There is sometimes a parasitic 
loss in the armature windings, due to reversal of current 
under commutation. This, when present, is included 
in the load loss, but it is usual to avoid it, if possible, 
by suitable subdivision and transposition of the armature 
conductors.1 

The brush contact resistance loss is fortunately smaller, 
for it is very indefinite, depending on the nature and 
bedding of the brush, the condition of the commu- 
tator, and the brush pressure. It is sufficient for the 
present purpose to assume a constant voltage-drop, say 
2 volts, for the two contact surfaces. This figure, 
multiplied by the mean current per motor, should be 
taken for the loss, both in the dissipation test and in 
service. The brush friction loss depends on the brush 
pressure, on the number and nature of the brushes, and 
on the condition and speed of the commutator. From 
necessity, the pressure on the brushes is assumed at 
the figure that is intended in service, and the dissipation 
tests should be conducted with this pressure. The 
coefficient of friction is assumed constant, at a value 
derived from the mean of many tests made with com- 
mutators in normal condition. Thus the brush friction 
loss is expressed as the product of the speed of revolu- 
tion by a determinable constant. The bearing friction 
loss is neglected as it does not appreciably affect the 
windings. : 

The iron or core loss is considerable, but not very 
definite, its value varying unaccountably and appre- 
ciably from motor to motor. It is practically impos- 
sible to compute the iron loss from first principles, 
even when the dimensions and the magnetic properties 
of the iron are known. It can only be obtained from 
open-circuit or no-load tests, although there is consider- 
able additional iron loss in service, owing to the existence 
of the armature current. The tests are made with 
the motor separately excited, at such speeds and excita- 
tion as are met with in service. With the open-circuit 
core loss known for all conditions of excitation and 
motor speed, its value under any condition of service 
can be immediately deduced, and plotted against time as 
abscissa. 

The load loss comprises all losses in the motor, when 
under load, which are not included in the foregoing. It 
is difficult to determine, and, being necessarily the 
difference between a total measured loss and a sum of 
accountable losses, its determination is subject to large 
errors, for it includes not only errors of measurement. 
but also the residual errors due to the use of conven- 
tional methods of computation of the individual losses. 
It is impracticable to segregate, even approximately, 
the losses of which it is composed. In the American 
Standardization Rules, load loss is allowed for by the 
addition to the no-load core loss of certain percentages 

* Loc. cit., ante. l 

+ See F. W.CanTER: ‘ Parasitic Current Losses in Bar-wound Direct-current 


Armatures,"' Journal I.E.E.,1927, vol. €5, p. 1002. 
1 Standards of the American I.E.E., July 1925, No. 11-209. 
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depending on the load. This method has no justifica- 
tion of fact. The greater part of the load loss seems 
to be due to extra iron loss in the armature teeth, 
caused by the armature current, and, as will now be 
shown, it is practicable to take this into account, approxi- 
mately, in the computation of core loss. The method 
proposed, indeed, although by no means justified ration- 
allv as representing the loaded conditions, appears, at 
least in the case of a certain typical railway motor, to 
leave but a negligible residue of unaccounted loss. 

The flux curve of a motor, excited but without arma- 
ture current, has the general form shown in Fig. 2. The 
effect of the armature current is to distort the flux 
curve in the manner indicated in Fig. 3; for the excita- 
tion produced by the armature current opposes the 
field excitation over one-half of the pole face, and assists 
it over the other half. The amount of additional 
excitation at a pole tip is one-half of the ampere-turns 
per pole, multiplied by the ratio of pole-arc to pole- 
pitch. With the four-pole, two-circuit winding usual 
in traction motors, the additional excitation requires 
a number of turns per pole, carrying the motor current, 
given by 1/16th of the number of armature coils, or 
commutator segments, multiplied by the turns per 


appears somewhat greater in Fig. 4.* The loss in the 
body of the core is doubtless also greater in the case 
of Fig. 4 than in that of Fig. 3. It is here proposed, 
at least as a subject worthy of further investigation, 
that the open-circuit core-loss with 48-turn field should 
be taken as the iron loss in operation with a 40-turn 
field; and that this iron loss should, for the present 
purpose, be assumed to take account sufficientlv of 
what is generally known as load-loss. The latter 
assumption would hardly be justifiable unless parasitic 
losses in the copper were reduced as far as practicable. 
It is not suggested that designers have taken no account 
of these extra losses, but merelv that it has not been 
customary to use the core-loss tests for this purpose in 
the manner indicated. 

Figs. 5 and 6 embody the results of tests on 22 pairs 
of the motors referred to in the preceding paragraph, 
and are offered as evidence in favour of the conclusion 
expressed. Fig. 5 has reference to operation with a 
full field of 40 turns, and Fig. 6 to operation with a 
tapped field of 20 turns. In both figures are shown the 
experimentally determined primary core-loss curves 
taken at several constant speeds. Crossing these are 
shown three curves: (1) the usual no-load core-loss 
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coil and by the ratio of pole-arc to pole-pitch. The 
flux curve of the motor may also be taken as representing 
generally the variation of tooth flux-density with time, 
and accordingly as determining the tooth losses. 

In the particular case which is here discussed, the 
exciting field-turns are 40 for full-field operation, and 
20 for tapped-ficld operation. The armature is bar- 
wound (one turn per coil) and has 185 commutator 
segments with a ratio of pole-arc to pole-pitch of 0-69. 
The additional excitation due to the armature is there- 
fore that due to 185 x 0:69/16,0r 8 turns per pole. The 
effective exciting turns accordingly vary between 32 and 
48 for full field, and between 12 and 28 for tapped field. 
Confining attention for the moment to full-field opera- 
tion, Fig. 2 may be taken as showing the variation 
of tooth density in a core-loss test made with 40-turn 
field and a certain field current, and Fig. 3 as showing 
the variation of tooth-density in normal operation with 
full field and with the same exciting current. Fig. 4, 
which has the same maximum height as Fig. 3, may 
then be taken as showing the variation of tooth density 
in a core-loss test at the same current but with a 48-turn 
field. The hysteresis loss in the teeth, depending on 
the maximum flux density, should be sensibly the 
same, at the same speed, in Figs. 3 and 4; but the 
eddy-current loss, depending also on the manner of 
variation, is not necessarily the same, and indeed 
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curve of the motor at constant voltage, deduced from 
the speed curve of the motor and the experimentallv 
determined core-loss curves; (2) the proposed core-loss 
curve, similarly deduced from the speed curve and the 
core-loss curves, taking account of increased excitation 
in the manner indicated above and more fully explained 
below; and (3) the experimentally determined loaded 
core-loss curve, being the residue left after subtracting 
copper loss, brush contact resistance loss, and brush 
friction loss, from the measured total loss. 

It will be noticed that the primary core-loss curves 
in Figs. 5 and 6 are really the same curves plotted to a 
different scale of amperes. Actually the tests were 
taken with the 40-turn field, and, except for the sake 
of the demonstration, it was not necessary to introduce 
them in Fig. 6 in order to deduce the other no-load 
core-loss curves. The point of this remark is that the 
problem of deducing from the tests the no-load core- 
loss curve for any excitation and speed is no novelty, 
but is common practice in connection with tapped and 
shunted fields. As an example, the speed curve with 
tapped field shows a speed of 750 r.p.m. at 250 amperes, 
and this current will be noted at the intersection of 
curve (1) with the 750-r.p.m. core-loss curve in Fig. 6. 
We require the core loss at the same speed and current 
with a 28-turn field. Instead of replotting the 750-r.p.m. 


- © See Appendix. 
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curve for a 28-turn field, however, we use the same curve 
at 250 x 28/20 or 350 amperes. This shows a core 
loss of 5 100 watts, which is put, in curve (2), as the 
core loss at 250 amperes ; and so on. 

The correspondence between curves (2) and (3) 
is probably as close as can be expected in view of the 
complexity of the subject. Further determination of 
loss under load is clearly desirable; but the results 
given in Figs. 5 and 6 indicate that the methods used 
in obtaining curve (2) take account of the greater 
portion of the loaded core loss. If this conclusion prove 
to be justified generally, not only is the treatment of 
dissipation of heat placed on a sounder basis than has 
hitherto prevailed, being more nearly consistent with 
facts, but the determination of efficiency by summation 
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Core loss, kW 
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of losses is brought into substantial agreement with the 
results of more direct determination. 


(4) SERVICE TEstTs. 


In selecting traction motors, it is the intention that 
they shall be capable of operating certain trains over 
certain lines at certain average speeds, attaining in 
operation only such temperatures as will cause no 
appreciable damage or deterioration in any part. Actual 
service, however, involves hazards the estimated effect 
of which on the motors is a matter of judgment, and for 
the purpose of testing the motors it is necessary to 
stipulate a more exactly defined service, from which 
these hazards are eliminated. A service heat-test 
Should be conducted by causing the motors to work a 
train of specified weight over the actual line, making 
the required speed, and observing all stops and speed 
restrictions of normal service, for a sufficient length of 
time to ensure that steady conditions have been attained, 
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and then observing temperatures. In practice it is 
necessary to ascertain the temperatures by means of 
thermometers, for road tests of resistance are difficult 
and the deduced temperatures unreliable. The relation 
between resistance and thermometer readings of tem- 
perature is best deduced from stand-tests on the motor. 

The service test is the most satisfactory means of 
determining the suitability of a motor for its duty, 
in the matter of heating, and it is also sufficiently 
definite to form an appropriate basis for a guarantee. 
It is, however, not always practicable to carry out such 
a test, and a simplified form of road test, in which certain 
of the quantities are assumed to have their average 
values, may be preferred. This is conducted by causing 
the motors to work a train of specified weight backward 


Core loss, kW 


4. core loss, 20-turn field 
n ,28-turn » 
Loaded core loss , from test 


Exciting current, amperes 
Fic. 6. 


and forward over a section of approximately level 
track, making the same average speed as in the required 
service, with the average number and duration of stops, 
and observing temperatures when steady conditions 
have been attained. This is often more convenient 
than a service test, though less satisfactory, in that the 
difference between the test and actual service is greater. 
Simplified track tests are useful for purposes of general 
investigation, such, for instance, as the investigation 
of the reliability of individual tests and of the relation 
between road and stand-tests, referred to in connection 
with the table on page 1000. 

Sometimes, however, it is not practicable to make 
road tests at all, and a parallel stand-test is the only 
alternative. For this the losses in the motor, corre- 
sponding to the train and schedule intended by the 
prospective user, should be computed, and a run made 
on the test-bed of sufficient duration to ensure steady 
temperature conditions, at the same mean armature 
speed as in service, and with a loading which yields 
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the same computed losses in the motor as in service. 
If it be preferred to make the run at constant load, the 
iron loss will be greater than in service, and the resist- 
ance loss less; the armature should therefore heat 
rather more than in service. The excess, however, 
is not great, the corresponding variation being within 
the limits of error of the test; and, since the armature is, 
by reason of its construction, the more delicate member, 
it is perhaps no disadvantage that it is given a somewhat 
more severe heating test. By applying a suitable 
cyclical load it is possible to produce, not only the same 
mean speed and the same computed losses as in service, 
but also the same average distribution of loss between 
the members. However, a cyclical load is not so 
easily controlled as a steady load, and the uncertainty 
arising from this may outweigh the advantages of 
correct computed distribution. 


(5) RELATION BETWEEN STAND-TESTS AND SERVICE. 


There remains, however, the question of the relation 
between the temperatures obtained in such stand- 
tests as the above, and the temperatures obtained 
in service, and this cannot be settled other than by 
test. The following table gives the results of a series 
of 7 road tests made in 1913 under the author’s super- 
vision. The tests were made on level track, a car 
being driven backward and forward over a marked 
distance, and in a specified time, until the temperatures 
of the motors had become steady. The 7 tests were 
made on as many different days under differing con- 
ditions of weather; and all tests were made to the 
same schedule. The car was equipped with 4 motors 
having internal fans, all being similar, except that 
two had the ventilating holes blocked by solid covers, 
whilst the remaining two had the standard covers of 
the type. The figures given refer always to the maxi- 
mum temperature observed in the hotter motor of the 
pair. 

TABLE, 


Watts loss per degree rise 
No. Remarks 


Enclosed Ventilated 
motor motor 


Clear, very light wind across 


track. 

2 25-3 31-6 | Clear, very light wind 45° to 
track. 

3 26-6 29.3 | Damp, moderate wind across 
track. 


Strong variable wind. 


5 27 Clear, moderate wind across 
track. 

6 25-2 30-2 Cloudv, moderate wind across 
track. 

7 27-1 29-6 | Cloudy, strong wind along 
track. 


Mean 


Stand-tests on the motors at the same mean armature 
speed and the same total loss, as computed from the 
same data, gave, as dissipation, 20-3 watts per degree 
rise for the enclosed motor, and 29:9 watts per degree 
rise for the ventilated motor. Totally enclosed motors 
are now obsolescent, but the results have been included 
for their scientific interest. 

A number of observations may be made on the results. 
The individual figures for dissipation do not differ from 
the mean by more than 5 per cent, and this may be 
regarded as the order of consistency of such results. 
The enclosed motor, in this service, dissipates about 
30 per cent more heat than on the test-stand for the 
same maximum temperature-rise, but the ventilated 
motor shows no appreciable difference in this respect 
between road and stand tests. On a priori grounds it 


. seems reasonable that the effect of the motion of the 


train in cooling the motors should be greater for enclosed 
than for ventilated motors, but that this effect should 
be found negligible in the latter case is not an obvious 
deduction: it is, nevertheless, confirmed by many 
tests. It should be remembered, however, that the 
figure for dissipation depends on an observed tempera- 
ture and certain losses, computed on a basis derived 
from experiment, but nevertheless more or less con- 
ventional: the calculation is not exact, nor are the 
service and stand-tests similar, and there is no reason 
to expect the incidence of error to be the same in 
the two cases. Moreover, greater differences are 
observable between the temperatures of ventilated 
motors mounted on the same car, than of enclosed 
motors, as though the motion of the car caused inter- 
ference with the draught of certain motors, so that 
they run no cooler than on the test-stand. Whatever 
the cause, however, it seems a reasonable conclusion 
from test that a dissipation curve for a fully ventilated 
motor, such as is shown in Fig. 1, although derived 
from stand-tests, may be used also for service tests 
without serious risk of error. Moreover, a stand-test 
on a ventilated motor at the same mean speed and with 
the same computed losses as in service will show a tem- 
perature-rise approximating closely to that of service. 


APPENDIX. 
EpDyY-CURRENT Loss IN ARMATURE TEETH. 


Let T = thickness of the laminations, 
p = specific resistance of the iron, 
f = the frequency of reversal, and 
B — amplitude of flux variation. 


Assuming the variation to follow a sine law, the 
power loss per unit volume is, to a close approximation, 


ph f?B?r? 


= — V——— So. Re ae ee DY 


6 p 


In the case of salient-pole machines, however, the 
flux variation. is by no means sinusoidal, but can be 
expressed by a Fourier series of the forin 


B = ZB, sin (27nft + a4) ou ade) 
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The eddy-current loss per unit volume is then 


2 2 
w =T P yeB.....(q) 
6 p 
Now 
1 dB4? 
Xn*B2 =s T x the mean value of (=) 
1/f 
onl (ZY ae j 
Bo T" 
0 


There is no need, therefore, to determine the Fourier 
series of equation (2), for the value of the integral in 
equation (4) can be deduced immediately from the 
curve of flux variation. This, of course, applies gener- 
ally to eddy-current loss in laminations. 

For a salient-pole machine without load, the flux- 
density curve for the teeth resembles Fig. 2, and the 
value of Xn?*B? has been shown * to be, very nearly, 


the square of the maximum flux density multiplied 
by the ratio of pole-pitch to interpolar space. When 
the machine is under load the flux-density curve has 
the general shape shown in Fig. 3. In order to obtain 
an approximation to the corresponding eddy-current 
losses in the teeth, the flux density, instead of the 
magnetomotive force, will be assumed to vary uniformly 
from pole-tip to pole-tip, as indicated by broken lines 
in Fig. 3. In this case, if B represents the no-load 
flux density, and B' the flux density under load, for the 
interval between consecutive neutral points, 


B'2B(l-ca(4ft—1] .. . . (5) 


in which £ is time and a a constant. Hence, since the 
positive and negative half-waves are similar, 


yf) 
Sn2Be "3 (SY) a 2... (8 
Now j 
(3)- ia t a(4ft — 1)] + sfant 


dB\2 
-(£5) [1+ a(4ft— D]e + 4fa {B + a(4ft — 1)]) 


Here the second term integrates with respect to f, 
and, since B? is zero at both limits, drops out, leaving 


(2f) 


202 1 2 dB $ 
Zn?B? = | [1 + a(4fe — y (=) dt . . (7) 
af " dt 
* See FP. W. CARTER: '' Eddy-current Loss in Dynamo Teeth,” Electrician, 
1915-16, vol. 76, p. 569. 
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Since the no-load flux curve is symmetrical about the 
centre line of the pole, 
1/4f) 


2 
(1 + a*(4ft — (=) dt . . (8) 


2 

n252 = —. 

sn = -3 

| 0 

For a normal no-load flux curve, such as Fig. 2, 

if p is the ratio of pole-arc to pole-pitch, B is given to 
a sufficient approximation by 


= Aorft 
B= 1B,(1 E 7 e) 
from t = 0 tot = (1 — p)/(4f) 
and by B = B, 
from t = (1 — py(4f), tot = 1/(4f) 
Hence 
— ÀÓ (1—»)/4f ii 
252 . ( £r cee 2a fe — 133 sin? <e 
En2B? = (s TB) EX + a(4fe — 1? sin? au 
p? 
= {1+ af p osa — pie |} o 


This is proportional to the eddy-current loss in the 
teeth, with the machine under load. The maximum 
value of the flux density occurs, very nearly, at time ?, 
where 


t = 1/(2f) — (1 — Pf = (1 + 24). 
when, from equation (5), 


Bm = Bo(1 + ap). . (10)* 
The eddy-current loss in the teeth, associated with 
the no-load core loss at the increased excitation, is, 


as has been shown,T proportional to 


Bi, Be(1 + ap)? 
orto ——— 
1— p 1— p 


Hence the ratio of the eddy-current loss in the teeth 
with the machine under load, to the corresponding loss 
in the no-load test at equal maximum tooth saturation, 
is as 1 + a?[p + 0-28(1 — p)?] isto (1+ ap)*. This 
is less than unity, as stated in the paper. It does not 
differ greatly from unity when the machine is highly 
saturated, since a is then comparatively small. 


* This equation may be used to determine a, for the magnetomotive forces 
corresponding to Bg and Bm are known, the first as determined by normal 
excitation, and the second by excitation as increased by the armature current. 
Bm{Bo can therefore be measured, as a ratio of voltages at constant speed with 
light load, or as a ratio of speeds at constant voltage. 

t Loc. cit., ante 
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PARASITIC CURRENT LOSSES IN BAR-WOUND DIRECT-CURRENT 
ARMATURES.* 


By F. W. CARTER, M.A., Sc.D., Member. 


(Paper first received 27th May, and in final form 11th August, 1927.) 


SUMMARY. 


The paper deals with parasitic current set up in an armature 
bar on reversal of the current by the commutator, and shows 
how the additional loss in the bar due to this current can 
- be determined as a fraction of the loss due to the effective 
current. 


Where an armature winding is composed of deep 
bars embedded in slots, and a current in the bars pro- 
duces a magnetic field crossing the slots, it is apparent 
that the lower portion of a bar is encircled by a greater 
amount of flux than the upper portion. Hence any 
change in the current carried by the bar is resisted to a 
greater extent at the bottom of the bar than at the top, 
and the latter portion is accordingly most affected by 
fluctuations of current. During commutation, for 


Bottom bars 


Top bars 
qM 


tk! | 
a7 

OMNE 
—y-4 
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instance, the reverse current appears first at the top 
of the bar, and the resistance loss is therefore greater 
than would have been the case had the current been 
distributed evenly over the section. The parasitic 
losses arising from this cause have been ably investigated, 
in the case of alternating-current machines, by A. B. 
Field,T and, since the periodic current in a d.c. armature 
coil can be expressed as the sum of a number of alter- 
nating components, the present investigation may be 
regarded as an application of Field's analysis. 

The assumption is made that reversal takes place 
at a uniform rate; for this, if not the fact, is at least 

* The Papers Committee invite written communications (with a view to 
publication in the Journal if approved by the Committee) on papers published 
in the Journal without being read at a mecting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 

f A. D. Fern: “Eddy Currents in Large, Slot-wound Conductors,” Trans- 
actions of the American I.E.E., 1905, vol. 24, p. 761. Sec also M. B. FrELD: 
* [dle Currents,” Journal I.E.E.., 1906, vol. 37, p. 83; L. FLRISCHMANN: 
“Uber Stromverdrangung in Gleichstrommaschinen,” Archiv für Elektro- 
technik, 1911, vol. 11, p. 387; H. W. Tavron: ''Eddy Currents in Stator 


Windings,” Journal I.E.E., 1920, vol. 58, p. 279. Mr. M. B. Field's paper 
makes reference to the d.c. case considered herein, and indicates the method of 


solution. Dr. Meischmann’s article also deals with the subject of the present 
communication and bv a similar method, but is less particular in correlating 
the analysis with actual construction. The present work dates in essence from 


1908, and was given restricted publicity as an Engineering Report in 1912. 


the intention in commutation. The variation of current 
with time is accordingly assumed to follow the form of 
curve shown by the thick line in Fig. 1l. In this figure 
are also indicated the current-time curves for the group 
of conductors, which, lying in one slot, are able to react 
upon one another, the difference of phase between con- 
secutive bars being a, and between corresponding top 
and bottom bars, y. Taking the time of commutation, 
expressed in angular measure, as 28, the form of the 
current-time curve is given by the Fourier series 


41 Asin n 
i = — ; P inp 6 wu; s 
T n 


1 (n odd) 


in which p is 277 times the fundamental frequency of the 
machine. If there are q bars side by side in the slot 
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(Fig. 2) and the epoch is taken to correspond to the 
middle of the slot, the sum of the currents in the q bars is 


00 


Si = 4I > sin (nga) sin ng a ee 


| 3 
T a (tna) nB 


1 (n 


In order to save writing, the author proposes to deal, 
for the time, with a single harmonic only. . 


Let a — breadth of a conductor ; 

b — breadth of a slot ; 

y — height of any point in a conductor, measured 
from the bottom of the conductor ; 

h = total height of a conductor ; 

o = current density at height y ; 

H = magnetic force at height y, normal to the 
side of the slot ; 

p = specific resistance of the material of the 
conductor ; 

s — any one of the q numbers given by 
s = lg — 2p + 1), in which p-L* 
9-4 ws 


DIRECT-CURRENT ARMATURES. 1003 
Then, for the conductors in any slot,* Therefore 
aH A. _ —B 
mad (o ) — Eo» E. Tat, i. au ae. (3) 2 cos (4ny)e-79^v — e- (1*j)mh 9 cos ($ny)e "v — e +j)mh 
- He-Jj¢ 
Z = o oe ao oD ~ [2(cosh 2onh — cos 2mh)]* . (13) 


There are g equations of the form of (4), one for 


each conductor in the slot. Adding these, 


dH | do) 
d TORO Sk dde HD) 


and elimjnating 3i(c) between (3) and (5), 

4maq dH 

di = "sh. . dt . . . . . (6) 
y p t 


Assuming everything to vary as e"P!, where j —4/(—1) 
the solution of (6) is 


= [Ae1*32my 4 Be-Atsmyjeinpt — , |, (7) 
in which A and B are constants, and 
m2 = 2rraqpn 
pb 


From equation (4), seeing that the integral of o, over 
the cross-section of the bar is the current in the bar, 
the amplitude of which is 4, and phase n(pt — sa), 


2x xe 28) 


li T ss (Aetio, — Be- cv) 


ty (s jnsa _ SP Gne) cnn . (9) 
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The density of the field below the lower conductors 
is zero. Above the lower conductors and below the 
upper its value is 


47 sin (1nqa) 


Hen»t — ^ sm qeu) MR . (10) 
whilst above the upper conductors its value is 
Ho"*t + Heint?t-v) = 2 cos (4ny)e-2/? , Het (11) 
For the bottom conductors, 
A+B=0 
Ac t3Jmh 4 Be-(+ijmh — H 
Therefore A = — Heec . (12) 


E [2(cosh 2mh — cos 2mh)]t 
where tan $ = coth mh tan mh 
For the top conductors, 


A--B—H 
Aeli+iimh 4. Be 0153)mh — 9H cos ({ny)ensiny 


* Equation (3) expresses Ampére's law (viz. the line integral of the magnetic 


force around a circuit is 4m times the current through the circuit), a circuit 


being chosen which crosses the slot at height y and returns at height y + dy. > 


Equation (4) expresses Faraday's law combined with Kirchhoff's second law 
(viz. the integral of the product of resistance and current around a circuit 1s 
the rate of decrease of magnetic induction through the circuit), the circuit 
chosen in this case being composed of unit length along a conductor at height 
y, returning at height y 4- dy. 


The mean loss w, in the conductor s is to be obtained 
from equation (9), which gives, 4 being the embedded 
length of the bar,* 


À 
w, = the mean value of pal |o?dy 


; 0 
al 
= ss | losa 
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where |o,| is the modulus of aj. This modulus is rather 
a long expression, but since we are interested in the 
average value of w, for the q bars in the slot, rather than 
in its value for particular bars, many of the product 
terms are ineffective, inasmuch as the mean value of 


sin (1nga) 


e- inse — 
q sin ($na) 


is zero. Writing for convenience A =J + JK, 
B,— L + jM, the mean value of |o,|* for the g 
bars is 


lol=3 


252 
E (J? 4- K?)e?my 4 (L2 -- M?)e-?my 


—2(JL+ KM) cos 2my —2(J M — KL) sin 2my | 
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Hence, writing w for the mean value of wu, 


palf n 2p? 


vs 2 4p*m3 


teal V 24. 2) (emh — 1) + (L24- M?) (1— e- 2mh) 


—2(JL-- KM) sin 2mh —2(J.M — KL)(1— cos 2mh) | 


E (14) 


For the bottom conductors, from equation (12), 
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2(cosh 2mh — cos 2mh) 
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J2-- K?=L? + M? — — (JL -.-K M) — 


and JM — KL =Q. 


Putting in the value of H from equation (10), 
and of m from equation (8), equation (14) gives 


— pl d fy 

Ts ah 2 

,/ Sin( (4nqa) [mh (sinh 2mh + sin 2mh) 
( ) cosh 2mh — cos 2mh 


-— 1 |} (15) 


* The analysis is given at length, as it is typical of m uch of a kindred natu e 
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For the top conductors, omitting the common factor 


H?/2(cosh 2mh — cos 2mh), from equation (13), 
J? + K? = 4 cos? jny + e-?mh 


— 4e—™ cos 4n, cos (mh — iny) 


L? + M? = 4 cos? jny + e?mh 
— 4e"5 cos 1n, cos (mh + $ny) 


JL + KM = 4 cos? Any (cosh mh cos mh — 1) 


— 2sin ny sinh mhsin mh — cos 2mh 


JM — KL = — sin 2 mh + 4 cos? Any cosh mh sin mh 
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Writing for shortness, 


mh(sinh 2mh + sin 2mh) 
~ cosh 2mh — cos 2mh 


mh(cosh mh sin mh + sinh mh cos mh) 
cosh 2mh — cos 2mh 


Q = 


equation (14) gives 


— pl D 


MI [P842 cos ny) — 4Q(14-cos ny) — i [hae 


The mean loss in the embedded portions of top and 
bottom bars is therefore, from equations (15) and (16), 


ob im 
UT ah 2 1) 

sin e e jon 
(m) sila) [5 (2-- cos ny) — 2Q(1-- cosny) 1 Jk 


Had the eddy currents been prevented, the resistance 
loss in the embedded portions of the bars would have been 


2 
pl in 
ah 2 
Hence the component, w,, of parasitic loss is given by 


equation (17) with the omission of the first term; and 
may be written, 


dos EET sin dan T | 6-9 Q) —1+ (P— 2Q) cos K 


qsin ($na) 
_ pl th sin za i? (18 
"ah 2| qsin ($na) E COST . 
where 


Y -2(P—Q)—1 
Z=P—2Q 


This is due to the harmonic n, whose amplitude, 
given by equation (1), is 
| 4 sin np 


a n?B 


1a = 


The total parasitic loss per bar is therefore, * 


ah m nga 


_ pl, 8I? 1 (sn 3) (= gry 


1 (n odd) 


jna y? 
a a) |». + Zp cos ny | e . (49) 


If l’ is the total length of an armature bar, including 
end-connections, the loss per bar, assuming no eddy 
currents and computed in the usual manner by assuming 
the current of constant magnitude, J, is, 


pl’ 
ah 


Hence the total parasitic loss, expressed as a fraction 
of the nominal resistance loss, is, 


BEA ey 


1 (n odd) 
ina ; I 7 | 90 
(ano) Y n + Zn COS ny . « (= ) 


* The factors [sin (n8) /np)* and [4 nafsin (4na))'in equations (19) and (20) may 
each be taken as unity, withsmall effect on the result, and with no real dette 
a a accuracy since the assumption of straight- -line commutation cannet be 
realize 

t The actual mean-square current is 


REID 


Lf 


DIRECT-CURRENT ARMATURES. 


Fig. 3 gives Y and Z as functions of mh, and this, 
with a curve giving (sin 6/0)?, enables W to be computed 
without diffüculty. The series is convergent and a 
few terms suffice for practical calculation. 


The following is an example :— 


Number of poles — 4 

Number of slots — 39 

Number of commutator segments = 195 
Back pitch of winding = 9 slots 

Width of brush = 1-43 cm 

Diameter of commutator — 37-8 cm 
Speed — 570 r.p.m. 


ijl’ — 9-5 
a = 0-165 cm 
h — 1:65 cm 
b = 1:45 cm 
q=5 
p = 119 
p = 1 800 abs 
mh = 0-8 y/n 
a =3-7° 
B = 4-3° 
y = 13-8° 


The first 8 terms of the summation in equation (20) 
are :— 


term | 0-166 0-127 0-071 0-032 0-012 0-004 0-001 0-001 


The sum is therefore 0:414, and 


8 
W =0:5 x — x 0-414 
T 


— 0-168 


The parasitic currents accordingly increase the resist- 
ance loss by 16-8 per centin thiscase. Had the machine 
been a polyphase synchronous convertor instead of a 
motor, however, the effect would have been much 
greater. In such a convertor the fundamental term 
in the direct current is in a large measure annulled by the 
alternating current. Whilst this greatly reduces the first 
term in the summation of parasitic losses, it reduces also 
the nominal resistance loss, and on balance increases the 
effect of the parasitic current. Forasix-phase convertor, 
forinstance, the above sum becomes roughly 0:414 — 0:166 
— 0-248. The increased loss is now about 


wore 8 , 0:248 
E q? ^ 0:27 


or 37 per cent, and this is at 19 cycles. 
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SHEATH LOSSES IN SINGLE-CORE CABLES FOR. THREE-PHASE 
TRANSMISSION.* 


By T. N. RirEv, M.Sc., Associate Member. 


(Paper first received 18th May, and in final form 15th August, 1927.) 


SUMMARY. 

The controversy as to the calculation of sheath circulating- 
current losses is referred to, and single-phase tests are quoted 
to show which formule agree best with actual measurements. 
Formule for the circulating currents in three single-core 
cables with either horizontal or delta spacing are developed 
and experimental results are given to show how these agree 
with the values calculated from the formule. 


INTRODUCTION. 


In the present state of our knowledge of cable 
dielectrics, mechanical considerations point to 66000 
volts as the highest transmission pressure for which 
a three-core cable can be constructed to operate satis- 
factorily. For three-phase transmission pressures above 
this it is necessary to use three single-core cables, and 
with these the circulating currents in the lead sheaths 
when these are bonded become of importance. 

The calculation of the losses due to these circulating 
currents has been studied by many engineers, the 
better known papers being by Clark and Shanklin T 
in America, Capdeville 1 in France, Sachetto § in Italy, 
Cramp || in England and Dwight § in America. 

There is not satisfactory agreement between all these 
authors even in the simplest case of two cables only 
for single-phase transmission. For three-phase trans- 
mission, particularly with flat spacing, the disagreement 
is greater. The mathematical analysis is also compli- 
cated and there is room for an easily understood and 
simpler study which is sufficiently accurate for practical 
use. ]t has to be remembered that variations in 
sheath resistance due to normal manufacturing toler- 
ances in sheath thickness may cause the actual losses 
to differ as much as 10 per cent from any value esti- 
mated from the nominal sheath thickness. As the 
eddy-current losses, except when the sheaths are in 
contact, are within the possible variation in circulating- 
current loss, the detailed mathematical analysis required 
to take them into account is not justifiable from a 
practical point of view. They have been neglected 
in the following analysis which involves only simple 
trigonometry and leads to results which check very 
closely with experimental values. Other approxima- 

* The Papers Committee invite written communications (with a view to 
publication in the Journa! if approved by the Committee) on papers published 
in the Journal without being read at a mecting. Communications should reach 
the Secretary of the Insitution not later than one month after publication of 
the paper to which thev relate. 

t Journal of the American I.E.E., 1919, vol. 38, p. 663. 

t Revue Générale de l' Electricité, 1920, vol. 8, p. 177. 


$ Eleltrotecnica, 1922, vol. 9, p. 067. 


| Journal I.E.E., 1923, vol. 61, p. 477, and 1925, vol. 63, p. 379; also World 
Power, 1926, vol. 5, p. 63. 
S Electric Journal, 1924, vol. 21, p. 62, 


tions involved will be indicated in the course of the 
calculation. 


SINGLE-PHASE TRANSMISSION, 


When two lead-sheathed cables are used for single- 
phase transmission, if M is the mutual inductance 
between the core loop and the sheath loop, and J is the 
current in the core, the e.m.f. induced in the sheath is 
Mol, where w is 27 x frequency. Most of the con- 
troversy in the calculation of single-phase sheath losses 
has arisen over the determination of the correct value 
of M. 

Capdeville * gives 

2e2 f absolute units per 
= E TRZ loge% + 2 loge = | unit length, 
where d is the distance between cabl. centres, and e and f 
are the inner and outer radii of the sheath respectively. 
The mathematical derivation of this formula is given 
in full in the original paper, and also in Messrs. Melsom 
and Beer's paper on '' The Current Rating of Single- 
Conductor, Lead-Covered, Low-Tension Cables on 
Single-Phase  Alternating-Current Circuits." { It 1s 
not therefore necessary to reproduce it here. As Fig. 
shows, this formula gives a result which agrees exactly 
with experiment, but as the first two terms very nearly 
cancel each other it is a sufficiently close practical 
approximation to take 


M=2 logs 5 absolute units per unit length of circuit. 


Reduced to practical units this becomes 


1-48 d 
M = —; 1l - henrys per loop mile 
M jo 9810; rys pe P 
where r is used instead of f for the sheath outer radius. 
Cramp's formula is equivalent to 


La henrys per loop mile, 


where d is as before but r is the mean radius of the 
sheath. 

Webb ¢ has shown experimentally that the assump 
tion upon which the latter formula is based is not sup 
ported by actual test, and single-phase measurements 
carried out to check this in the research laboratories of 
the Standard Telephones and Cables, Ltd., contrm 
that values deduced even from the abbreviated form 
of Capdeville's formula agree much better with actual 


* Loc. cit. + Journal I.E.E., 1925, vol. 63, p. 199. 
t Ibid., 1927, vol. 65, p. 482. 
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tests than those deduced from Cramp’s formula. This 
is shown very clearly in Fig. 1. Allowance has been 
made in the curves for calculating Cramp’s values from 
the mean sheath radius, though the d/r values on the 
scale are based on the outer radius. As the value of 


Q = Measured values LI. 


0-60 


Voltage per mile loop 


6 
Values of 207: 


Fic. 1.—Sheath voltages induced in two single-core cables 
per ampere of core current at 50 cycles per sec. The 
values shown are mean values of tests from 10 to 300 
amperes. 


djr increases, the difference between the two formule 
decreases, since (d — r)/r becomes more nearly equal 
to d/r. In making calculations in the three-phase case, 
therefore, the abbreviated form of Capdeville’s formula 
has been taken. for simplicity, though the general 
formule developed are correct. for any value of the 
mutual inductance. 


THREE-PHASE TRANSMISSION, 


A three-phase transmission line consisting of hori- 
zontally spaced single-core cables can be considered as 
split up into three sections as indicated in Fig. 2, each 


A B | C 


| I 
HP EM. 
Fic. 2. —Three-phase line split into three single-phase sections. 
of which forins'a single loop having conductors of the 


same dimensions as the original cables. 
The currents in the original phases A, B and C can 


be considered as being made up of the following currents 


in the separate loops :— 


i, = isin (0 +=) 


; eck 2m 
is = isin (8 — 77) | 


' due to.a current in core 1. 
| sheath 2 with core 1 will, therefore, be half the mutual 
' inductance of sheath 1 with core 1, i.e. it will be § M4. 
Similarly, since there can only be one value of the 
' mutual inductance between two circuits, 4M, is also 
. a measure of the flux produced by unit current in 
| sheath 2 which is linked with core 1. 


| sheath. 
" either, so that the mutual inductance between core 2 
| and sheath 1 is also $M. 
| by unit current in core 2 which is linked with sheath 2 
| is proportional to M,, and if this flux is not also to link 


The original current in phase A is then 


i; cd esi (e - =) 
in phase B 
is = iy — is = y3i sin (0 + F) 
and in phase C 

; ; ; ns Tar 

ig = tg — 4 = y3i sin (8 +) 


The phase relationships of these currents are shown 
in Fig. 3. 


le 


Fic. 3.—Vector diagram showing phase relationship of 
currents in three-phase line and single-phase sections. 


Mi = mutual inductance between core 1 and sheath 1. 
Mg = mutual inductance between core 2 and sheath 2. 
M3 = mutual inductance between core 3 and sheath 3. 


For the usual. symmetrical spacing as shown in 
Fig. 2, M3 = Mg, and, for simplicity, this case only 
is considered below, though the principle of the calcula- 
tion can be applied also to unequal spacings. 

When the dimensions are small compared with the 


| spacings, as is usually the case in practice for flat spacings, 
| it is clear from symmetry that sheath 2 will be linked 


with exactly half the magnetic flux which links sheath 1 
The mutual inductance of 


"^ What we need, 
however, is a measure of the flux produced by unit 
current in core 2 which is linked with sheath 1. Now 
unit currents in core 2 or sheath 2 will produce the same 


' field external to the sheath, but unit current in the 


core produces an additional flux between core and 
This flux, however, is not linked with sheath 1 


But the total flux produced 
sheath 1 it must return inside sheath 3, so that the 


difference of the quantities M, and 4M, is a measure 
of the flux due to unit current in core 2 which links 
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sheath 3, ie. M,—4M, is the mutual inductance 
between core 2 and sheath 3. It is similarly the mutual 
inductance between core 3 and sheath 2. 

This can easily be demonstrated by circulating an 
alternating current in cores A and B only and measuring 
the induced e.m.f.’s at the near end of each of the 
loops formed by the three lead sheaths when bonded at 
the far end. That between the sheaths of A and B 
will be proportional to M,, that between A and C will 
be proportional to $M), and that between B and C will 
be proportional to M, — $M.. 

Consider first the e.m.f.’s induced in sheath 1 by the 
currents in the cores. 

The e.m.f. induced in sheath 1 due to current in core 1 


= Mw 
The e.m.f. induced in sheath 1 due to current in core 2 
= — My 
The e.m.f. induced in sheath 1 due to current in core 3 
= — 4M,wig 


The total e.m.f. in the loop formed by the sheaths 
of circuit 1 is the sum of the above 


Substituting the values of 4, 4 and #3 we have 


M 2 
eg; = M,wi sin 0 — “wt sin (0+5) 


= € sin (e — =) = SM yw sin@ . (1) 


Similarly we have for the loop formed by the sheaths 
of circuit 2, 


MN. — M. 
ese = Mati, — (m — z wis si - oi 


which on substitution reduces to 

es: = Voi (Ma — t) cos 0 -Y*u, sin o} 

and for the loop formed by the sheaths of circuit 3, 
eg3 = V3wid — (M. — 2 cos 9 — VM, sin a} . 


Reverting now to the actual condition of three single 


Fic. 4.—Diagram illustrating circulating currents and e.m.f.’s 
in sheaths of three single-core cables. 


sheaths, let us consider the currents set up in the sheaths 
by these e.m.f.’s. Fig. 4 shows diagrammatically the rela- 
tionship of the circulating currents and induced e.mu.f.’s, the 
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cores being separated into three planes for clearness. Tke 
end bonds ABC and A’BC’ are supposed to have no 
resistance. 

The inductances of the sheaths on unarmoured cables 
are usually negligibly small compared with the resistances. 
and the impedances of the sheaths are approximately 
equal. Suppose, however, in the first instance, that they 
are not equal and that 


Zo = impedance of each outer 
Zy = impedance of centre sheath. 


Then for the loop CC’A’A (loop 1) 
egi = tscZo — *sAZo 
for the loop AA’B’B (loop 2) 
es2 = *sAZo — isBZM 
and for the loop B B' C' C (loop 3) 


€s3 = tsBZM — tscZo 


also tsa + tsp + isc = 0 
From these equations it follows that 


T essZo — esiZM 
84 '' Zo(Zo + 2Zy) 


i egs — ess 
Se Zo + 22m 

. es1iZM — essZo 
tse = >So oT 


Zo(Zo + 2Zy) 


Inserting the values of the sheath e.m.f.'s [equations 
(1), (2) and (3)] we have 


6j 


M, 22M 3M, Zm . 
(6572) Caer, dad 2 Zo US 


za (n ^8) e tz) 9} 


Mi 22M 3M, Zy . o} 
"ue 4 P) (ra) cos ro tro nm 
If Zo = Zy = Z the formule become 
M 34/3M, . 
tSA = VR (m, — =) cos Ü — vi l sin J; : (4) 


isp = — Vez { (2m, — =) cos o}. je 
ios Vor 5 - ^) co TN ik M, sin ndi . (8) 


Since Zo is greater than Zy it is clear that the effect 
of greater impedance in the outers is to cause a slight 
reduction of the total loss which will be more marked 
on the outers than in the centre sheath since the second 
term is the preponderating one in the expressions for the 
currents in the outers. 

In the single-phase case with the same spacing as 


. (5) 
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that between outer and middle, and a current 4/3: in the 
cores, ie. the actual three-phase current, the sheath 
current will be 


Seyi 
ig = Viet yg sin 0 


For purposes of direct comparison it is convenient 
to write the actual sheath currents in the same form 
with the denominator 2Z instead of 3Z. The equations 
then become :— 


| A3ei((2M, M, 
EET, us i a j 


3wi (/4M M 
Pees cs ve fl ee - 


os 0 — v y, sin a} (7) 


EM 


sô + Vin, sin a} (9 


22 


V 3oíi (eS M, Mi) co 


‘SC = "OZ 3 6 


The maximum value of currents 7g4 and gc is 


M, s 
uc A 2M X EEH 


The sheath losses are proportional to the squares of 
the current values, and in the form to which the latter 
have been reduced a direct comparison with the single- 
phase case can be made by comparing the squares of 
the mutual inductance coefficients. In this way an 
equivalent single spacing can be estimated from which 
the losses can be easily calculated (see Table 1). 

For practical purposes it is sufficiently accurate to 
take the mutual inductance between core and sheath 
of a single loop of unarmoured cable as 


1-48 d 
—z 10810 F henrys per mile loop 


where d is the distance between core centres and r is the 
sheath radius. 

The loss in the case of delta spacing at distance d 
(see note below) is proportional to the square of col. 4. 
For flat spacing the loss in each outer is proportional 
to the square of col. 6, and that in the middle sheath 
is proportional to the square of col. 7. The total loss 
is proportional to the square of the value of M given 
in col. 8, which is the square root of one-third of the 
sum of twice the square of col. 6 plus the square of 


col. 7. Col. 9 is the delta spacing which would give the 
value of M in col. 8. 

The value of d/r = 2 corresponds to the sheaths 
touching, which is closer than would normally occur 
in practice. On the other side the spacing will rarely 
be so great that d/r exceeds 12, and for most cases it 
will give a sufficiently close approximation if an equiva- 
lent value of d of 1:33 times the distance between 
adjacent cores is taken. The total loss for flat spacing 
will then be three times the single-phase loss per sheath 
calculated with this spacing and the normal line current. 

The total losses are divided between the three cores 
as follows :— 


TABLE 2. 

z Roter sheaths, Centre sheath 
per cent per cent 
2 46:7 “6 
3 43-7 12-6 
4 42.0 16-0 
6 40-6 18:8 
8 39-8 20-4 
12 39.0 22-0 
16 38.2 23-6 


zi 
N 
2 
E 
Pd 
o 
D sd 
+ 
E alculated 
9 
Er 
A. 
i HAEEIHMS 
0 4 12 l6 


Values of d/r 


Fic. 5.—Calculated and observed proportions of total sheath 
losses occurring in each sheath of three single-core 
cables with flat spacing. 


TABLE 1. 
1 2 3 4 5 6 7 8 9 
4 logo — logio = M; Mj V [Gs = =) + Qui] (5 - 2 i dn Pio 
mH mH mH mH mH 
2 0-301 0-602 0-466 0:892 0-798 0- 2968 0-664 1:41 d 
3 0-477 0-778 0-706 1-154 1-038 0-556 0-906 1-36 d 
4 0-602 0-903 0-892 1-336 1-216 0-744 1:08 1-34 d 
6 0:778 1:079 1-154 1:596 1:474 1-004 1:336 1:325d 
8 0-903 1-204 1:336 1-784 1:656 1-184 1-516 1-315d 
12 1:079 1:38 1:596 2-04 1-914 1:444 1-770 1- 305d 
16 1-204 1-506 1-784 2:22 2-096 1-64 1:956 1-3 d 
Vor. 65. 64 
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DELTA SPACING. 


It is of interest to note that the special case of delta 
spacing with three equidistant cores can be obtained 
directly from the above by writing 


We then have for the value of the e.m.f.’s in the 
sheaths :— 


3 
és; = gun sin 0 

3 : 2 
ego = Mot sin (e + =) 


3 "M 2T 

ess — ; Moi sin (e | 

It is clear by inspection that the induced e.m.f.’s in 
the loop are 44/3 times those which would be obtained 
on the single-phase loop formed by taking any two 
of the cores. This corresponds to the same induced 
voltage per single sheath as in the single-phase case, 
since the circulating currents in the three sheaths will 


of the tests made in the present author's laboratory 
has shown this variation. 
Returning now to the calculation of the current, we 


2-0 


Voltage per 75-yard loop 


0 100 200 30 
Current, in amperes 


Fic. 6.—Comparison of calculated values of sheath loss with 
those quoted by Mr. Dunsheath in Fig. 8 of his paper. 


have, by substituting M, — M, — M in equations (7), 
(8) and (9), 


differ in phase by 120°. // 3Mwi 5m 
This may be illustrated from two of the tests given ‘SA =~ “OZ C + =) 
in Dunsheath’s paper.* Mr. Dunsheath has been good V/3Moi » 
enough to furnish the author with his cable dimensions VSB = sin (e — =) 
and test-results. The manner in which values calculated 2Z . 2 
as above compare with measured ones is shown in S V 3Mot std (0 d =) 
Tables 3 and 4. iid 2Z 
TABLE 3. 
Dunsheath's Fig. b. Current 160 amps. 
Voltage per Single Sheath on Separate Single-Core Cables. 

Spacing as = D 1 in. 2 in. 3 in. 4in 5 in. 6 in. 
Calculated value 1:01 1:27 1:48 1-64 1-78 1-905 
Test-result 1-006 1-243 1-423 1:503 1:635 1-963 

TABLE 4. 
Dunsheath's Fig. 8. “ S.L." Cable. 
Near End Open-Circutt Voltage with Far End Bonded. 

Current, in amps. a sf T 100 150 208 255 300 
Test value .. bias site ot ; 0-75 1-05 1:1 1:55 1-95 
Calculated value (full Capdeville formula) . 0-593 0-89 1-24 1-51 1-79 
Calculated value ‘approximate formula) .. 0-545 0-82 1-135 1-39 1-64 


These figures are better compared in Fig. 6, where 
they are plotted. The variation of e.m.f. with current 
should follow a straight-line law and, as Professor 
Cramp pointed out in the discussion on Mr. Dunsheath’s 
paper, there does not seem to be any clear reason why 
the curve showing this relationship should be concave 
upwards in Fig. 8 and downwards in Fig. 17. None 


^ Loc. cit. 


the maximum value in each case being the same a 
would be obtained in the single-phase case. 

Experiments have been carried out to check thes 
results, and the comparative measured and calculated 
results are shown in Figs. 7 and 8. The calculations 
in this case are based on the theoretical values deter 
mined as in Table 1. 

Fig. 7 shows the ratio of the total sheath losses in the 
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three cores to the loss which would occur if the three 
cables were equally spaced at the distance between two 
adjacent cables. 

Fig. 8 shows the ratio of the sheath losses in each 


Total loss with flat spacin 


Ratio: 


6 8 
Values of d/r 


7.—Ratio of total sheath loss in three single-core cables 
with flat spacing to sheath loss with delta spacing. 


Fic. 


outer cable and in the middle cable to the loss which 
would occur in each of three cables equally spaced at 
the distance between two adjacent cables. It will be 
noted that the total loss is in general slightly less than 
that calculated and that the centre core loss is rather 
higher and the outer core losses rather less than the 
calculated values. This is to be expected, since the 
inductance of the sheath circuit has been ignored in 


2 je T one 


_— = = -— am ~— = ae oe ERO - | 


Loss per phase with flat spacing 


Ratio: 


8 
nn of d/r 


Fic. 8.—Hatio of sheath losses in each of three single-core 


cables with flat spacing to single sheath loss with delta 
spacing. 


determining the actual circulating currents, and this 
would slightly reduce the current and therefore the total 
loss. It would have a more marked effect on the outers 
than on the middle core. For two adjacent cables 
the reactance was of the order of one-sixth the ohmic 
resistance, but for the two outers at the smallest spacing 
it was of the order of one-third the total resistance, and 
its eífect begins to be appreciable. It would tend to 
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reduce the proportion of the loss in the outer cores and 
to increase the proportion of the loss in the middle core. 
Over the practical range the loss in the outers is from 
1-5 to 2-5 times that in the middle core, whereas Cramp 
gives ratios varying from 1:34 to 1:44 only.* 

In order to show how closely the measured values 
compare with those calculated on the assumption 
of an equivalent spacing of 1-33 d, the values shown in 
Table 5 have been calculated. 

It will be noted that, considering the short length 
on which tests were made and the consequent difficulty 
in eliminating end-effects, the agreement is exceptionally 
good, and the method of calculation is sufficiently 
accurate to involve no appreciable error in estimated 
loadings. 

In order to make the method perfectly clear the full 
calculation is given below for one position of the cables 
tested. These were three 25-yard lengths of 0-25 sq. in. 
single-core cables with a sheath 1-55 in. inside and 
1:75 in. outside diameter. The sheath resistance per 
25-yard length was 0-0129 ohm, the core resistance 


0:00255 ohm and the core current 100 amps. Fre- 
quency = 50 periods. Distance between centres 
3: 82 in., so that d/r = 4-36. 
For the single-phase case we have 
1:48 d 1-48 3-82 
M = — 1 - =— l —— — 
10 ^P10, =o 951 0-875 


0-948 


103 
or 1:35 x 10-5 henry per 25-yard loop. 


— 


henry per mile loop 


Induced voltage in sheath 
= Mol = 1-35 x 10-5 x 314 x 100 
= 0:425 volt (loop) 


0-425 
LL ——K = 6:4 . 
Current 3 x 00100 ] amps 
Watts lost per single sheath = (16-4)? x 0-0129 
= 3-48 watts. 
For the three-phase case we have :— 
1:48 1: 33d 
Equivalent M — 108 10819 —— 


1-13 
— 6 henry per mile loop 


or 1:6 x 10-5 henry per 25-yard loop. 


Equivalent induced voltage in sheath 
= MwI = 1:6 x 1075 x 314 x 100 
= 0-503 volt (loop) 
0-503 
2 x 0:0129 


Total loss = 3 x (19:5)? x 0-0129 = 14-7 watts. 


Equivalent current — — 19:5 amps. 


Of this total we can determine from the calculated’ 
curves in Fig. 5 what proportion of losses occur in each 
phase. This gives us approximately 6-15 watts in 
each outer and 2:4 watts in the centre sheath. The 
actual distribution of the losses is a little less in the 
outers and rather more in the centre. Taking, however, 


* Journal I.E.E., 1923, vol. 61, p. 483. 
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TABLE 5. 
Sheath Circuit Loss per 100 Amps. | Core Current. 
Three-Phase Flat Spacing. 25 Yards Length. 
Single-phase Three-phase 
z One leg of circuit Each outer Middle Total loss Copper loss 
Measured Calculated Measured Calculated Measured Calculated Measured Calculated Total 

2°11 1-085 0-885 2-65 2-35 0-81 0-39 6-10 5:1 76-5 

2-67 1-55 1-53 3°] 3°31 1-22 0:83 7:4 7:45 16-5 

4°36 3°63 3°48 6-1 6°15 3-1 2-40 15:3 14-7 76-5 

4-91 4-25 4-0 6-7 6-99 3°7 2-92 17:1 16-9 76-5 
11-2 8-8 9-35 11:6 13-7 7:8 7:6 31-0 35-0 76:5 


the calculated value, we have a sheath loss in each 
outer of 24 per cent of the copper loss, which, allowing 
for the fact that the heat has not to pass through the 
dielectric, would reduce the current-carrying capacity 
about 10 per cent. Comparing the current loading of 
the three spaced cables with that of a three-core cable, 
however, the heating due to the sheath losses is more than 
compensated for by the extra cooling effect due to wider 
spacing, and up to the limit of practical spacings the 
single-core cables run cooler. Dunsheath * shows in 
his Figs. 15 and 18 that 0-2 sq. in. single-core cables 
at 6 in. spacing run cooler than at 2-1 in. spacing, and 


* Loc. cit. 


DISCUSSION 


“INVESTIGATION OF CONFLICTING 


Dr. F. W. Carter: The existence of conflicting 
formule is not unusual in a matter of applying mathe- 
matical analysis to an engineering problem. In many 
such cases basic assumptions have to be made which are 
more or less out of accordance with reality, and the 
result is no more reliable than the engineer’s judgment, 
as embodied in the assumptions. There exists in general 
a correct physical theory, which is often quite well 
known but too complex for practical use. I am of the 
opinion, however, that in the problem considered by 
Mr. Hutchinson it is possible to give a solution which 
shall be substantially in accordance with physical 
reality. Reference may be made toa recent communica- 
tion to the Cambridge Philosophical Society ¢ in which 

* Paper by Mr. L. C, Hutchison (see page 903). 

t F. W. Carter: “ Eddy Currents in Thin Circular Cylinders of Uniform 


Conductivity, due to Periodically Changing Fields in Two Dimensions,” 
Proceedings of the Cambridge Philosophical Society, 1927, vol. 23, p. 901, 


the latter slightly cooler than a three-core cable. For 
0-5 sq. in. low-tension cables Melsom and Beer * show 
a slight increase in permissible loading as the cables 
are separated, followed by a drop again owing to 
increased loss when d/r is greater than 15. The maxi- 
mum current-carrying capacity in this case was reached 
for dfr = 6. 

The experimental work the results of which are quoted 
in the paper has been carried out in the research labora- 
tories of Messrs. Standard Telephones and Cables, Ltd., 
to whom the author is indebted for permission to publish 
extracts from it. 

* Loc. cit. 


ON 
CABLE-SHEATH LOSS FORMULÆ.”* 


were discussed, inter alia, certain sheath-loss problems 
of the kind referred to by Mr. Hutchison as class |1). 
and the following results may be quoted :— 


Let J = current per phase ; 

a = radius of sheath ; 

b = distance of centre of core from centre of 
cable ; 

k = thickness of sheath multiplied by specine 
conductivity of its material ; 

p = 2T X frequency ; 

m = 2rkpa. 


Then, for a single-phase cable (see Fig. B), the sheath 
loss per unit length (in absolute units) 


oo 
b. 2" sin? l 
2 smpe (5) ECT 
: a mean 
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And, for a three-phase cable (see Fig. C), the sheath-loss 


per unit length (in absolute units) 


= 22230 


The only reference to problems of class (2) is given in 
a note directing attention to them. There does not 
appear to be any insuperable difficulty in obtaining, by 
the methods indicated, solutions corresponding to this 
class, and a further note on the matter is in preparation. 


2n sin? ( sin? (4n77) 


The current which produces loss of this class would 


1. 


9 


Fic. B. 


ea 


© 


Fic. C. 


seem, however, to be directly measurable by means of 
an ammeter inserted in the bond. 
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55TH ANNUAL GENERAL 


Dr. W. H. Eccles, F.R.S., President, took the chair 
at 6 p.m. 

The notice convening the meeting was taken as read. 
The minutes of the Ordinary Meeting held on the 
21st April, 1927, were also taken as read and were 
confirmed and signed. 

Two lists of candidates for election and transfer, 
approved by the Council for ballot, were taken as read 
and were ordered to be suspended in the Hall. 

Messrs. G. F. Findley and J. C. W. Fraser were 
appointed scrutineers of the ballot for the election and 
transfer of members and, at the end of the meeting, the 
result of the ballot was declared as follows :— 


ELECTIONS. 


Associate Members. 


McMichael, Hubert Leslie. 

Blackburn, Charles Lord, Martin, Murray Wood. 
B.A. Newman, Charles William 

Bowyer-Smyth, Philip D. 
Weyland,Lieut.-Comdr., Nield, Herbert Buckley. 
R.N. Prosser, Paul. 

Bronsdon, Eric Norman. Robinson, Frank Bertie. 

Davies, Edward James. Seager, Francis Percy. 

Davies, Robert Cecil. Templin, John Richard, 

Flower, Conrad Herbert. M.E. . 

Giles, Frederick Compton. Varley, Harry. 

Gillmore, George. Vincent, Ernest Herbert. 

Gummer, Charles. Vincent, John James. 


Bell, Alexander. 


Hart, Charles Edward. Wise, Henry Robert, 
Kemp, Alfred. B.E. 
McLean, James. Young, Thomas Guthrie, 
McManus, James. B.Sc. 


MEETING, 5 MAY, 


1927. 


Graduates. 


Adnams, John, B.Sc.(Eng.) 

Andrew, Thomas. 

Beeston, Harold Charles, 
M.Eng. 

Black, William Galloway, 
M.A., B.Sc. 

Bruce, Herbert Baillie. 

Bruce, James Malcolm. 

Charlton, Edward. 

Colaco, Julian 
B.E. 

Dixon, George, Major. 


Antony, 


Gilden, Albert Edward. 
Gill, Thomas, B.Sc.Tech. 
Morris, Richard Percy. 
Oatley, Charles William. 
Porritt, Athol Edmund A. 
Proctor, William Thomas. 
Rigby, John. 
Rudman,RowlandRichard. 
Sabine, Eric Alan. 

Vora, Shamaldas Chunilal. 
Whitehouse, Harold Ernest. 
Withey, Walter Henry. 


S tudents. 


Agarwal, Raghunath. 

Appleton, Trevor Robert. 

Barber, Harry Leslie. 

Bell, John Edward. 

Bellis, Joseph Cottam. 

Bhatia, Hans Raj. 

Bill, John William. 

Burton, Edward Arthur. 

Bush, Harry. 

Candler, John Edward. 

Carter, John Alfred V. 

Codling, Terence William 
V. 

Cordiner, Basil Macleod D. 

Cubitt, Roger Harry. 

Davies, David Maengwyn. 

Falshaw, William. 

Fisher, Walter Malcolm. 

Florides, Menelaos Achilles. 

Goldstein, Sydney. 


Hargreave, Ernest. 
Headland, Henry. 
Humphreys, Edward John- 
son. 
Jump, Arthur Robert. 
Kay, Rupert Michael S. 
Lloyd, John Leslie. 
McLeod, Leonard Malcolm. 
Main, Charles. 
Makin, James Smith. 
Marshall, Richard Otto G. 
Mehta, Bhagwandas At- 
maram. 
Mehta, Mohanlal Prenlal. 
Middleton, Reginald James 
P: 
Moffatt, John James. 
Morrice, John Cordiner 
Pearson, George Matthew., 
Pilling, John. 
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Students—continued. 


Potts, Leslie Arthur. 
Pybus, Arthur James. 
Read, Eric Edward. 
Richmond, Brian Maurice. 
Robinson, Stephen. 
Sawyer, Lewis John. 
Shreeve, Alfred George. 
Smith, Fred. 


Sutton, Eric St. John. 
Thorn, Donald Ainsworth. 
Visvanatham, Manakkal S. 
Walsh, William Warwick. 
Whiteley, Ernest Cyril. 
Worland, Frank James. 
Wright, John Edward. 
Wyatt, Walter Cecil. 


TRANSFERS. 


Associate Member to Member. 


Forbes, Lewis Jex-Blake, 
B.Sc.(Eng.). 
Hay, Percy Gilbert. 


Rudd, B.Sc. 


(Eng.). 
Storr, John Edwin. 


Stanley, 


Graduate to Member. 
Shand, William Lamont. 
Associate to Member. 
Sillcox, Lewis Ketcham. 


Graduate to Associate Member. 


Atkinson, James William. 

Benev, Harry. 

Cotsell, Geottrey William. 

Drane, H. Donald H, 
Ph.D., M.Sc. 

Eatwell, Henry Thomas. 

Haldane, Thomas Graeme 
N., B.A. 

Munn, Herbert Seymour. 


Paine, George Richard. 
Pealing, John Alfred L. 


— Perrin, James Frederick. 


Sclater, Frank Arthur, 
O.B.E., M.C., B.A. 

Thomas, William Neam, 
M.Eng. 

Varley, Gilbert, M.Sc. 

Wilkinson, Charles Dean. 


Student to Associate Member. 


Blackman,George William. 
Buckingham, Alfred, B.E. 
Cooper, Walter Fletcher. 
Couzens, Reginald William 
H., B.A. 
Davis, Percival Kingsley. 
Evans, Robert Leslie. 
Hoyle, Herbert. 
Johnson, Charles. 
Kibblewhite, Curtis. 
Melling, Cecil Thomas, 
M.Sc.Tech. 


Rait, Donald McCulloch. 

Richardson, Frank. 

Sayers, Donald Phillpott, 
B.Sc. 

Spratt, Hector Gordon M., 
B.Sc.(Eng.). 

Treloar, Noel Gordon. 

Walsh, Sydney Frederick. 

Wright, Alexander Mac- 
kay, M.Sc. 

Yapp, Spencer Raymond 
A., B.Sc.(Eng.). 


Student to Graduate. 


Blizard, Charles Hillyer, 
B.Sc.(Eng.). 
Bull George 
B.Sc. 
Carlisle, Ralph Sydney. 
Carson, William Noel. 
Colman, Stanley Fordham. 
Crvmble, Clarence Frede- 
rick. 
Curtis, Herbert Francis. 
Debney, Charles Edward. 
Edmonds, Peter Leonard. 
Georgeson, Hector Mac- 
donald. 
Hall, William Samuel H. 
Hollyman, Robert Henry. 


Geoffrey, 


Hopwood, Charles Mait- 
land. 

Lloyd, Harry, M.Eng. 

Metz, Louis Gerald E. 

Orchard, Frederick Charles. 

Pedrick, Sydney. 

Pettersen, John August, 
B.Sc. 

Price, Francis Ernest. 

Ratcliff, Reginald Pick- 
worth. 

Scott, William George, 
B.Sc. 

Thomas, David Evan F. 

Thorp,Gilbert Hanley,B.A. 

Vinehill, William Francis. 


Westerhout, Cecil Gomes. 


The following lists of donations to the Benevolent 
Fund and of donors to the Library were taken as read, 
and the thanks of the meeting were accorded to the 
donors :— 

Benevolent Fund : (See list on page 551). 

Library: D. Adamson; Air Ministry; American 
Institute of Electrical Engineers; American Railway 
Association; R. D. Archibald, D.Sc.; Association of 
Engineering and Shipbuilding Draughtsmen ; Associa- 
tion of Municipal Electrical Engineers (South Africa) ; 
Associazione Elettrotecnica Italiana ; Messrs. E. Benn, 
Ltd. ; A. R. Bennett; Messrs. E. Bennis and Co., Ltd. ; 
G. G. Blake; British Electrical and Allied Industries 
Research Association; British Electrical and Allied 
Manufacturers’ Association (Inc.); British Engineering 
Standards Association; British Engineers’ Association 
(Inc.) ; British Insulated Cables, Ltd.; British Science 
Guild; Messrs. Butterworth and Co.; Cambridge 
University Press; D. Carnegie, C.B.E.; Messrs. Chap- 
man and Hall, Ltd.; Clarendon Press; Comité Inter- 
national des Tables Annuelles de Constantes et Données 
Numeriques; Messrs. Constable and Co., Ltd.; C. 
Crastin; Messrs. Crosby Lockwood and Son; I. S. 
Dalgleish ; Department of Scientific and Industrial 
Research; R. E. Dickinson, B.Sc.(Eng.); M. Dunod ; 
Electricity Commissioners; C. F. Elwell; Enfield Cable 
Works, Ltd.; Messrs. Franklin and Charles; V. A. 
Fynn; E. Garcke; C. C. Garrard, Ph.D.; E. P. Hill; 
H.M. Chief Inspector of Factories; H.M. Electrical 
Inspector of Mines; Hydro-Electric Power Commission 
of Ontario; W. S. Ibbetson, B.Sc.; Incorporated 
Municipal Electrical Association; Institution of En- 
gineering Inspection ; Institution of Engineers in Charge ; 
Institution of Royal Engineers; A. E. Kennelly, D.Sc. ; 
Librairie Armand Colin; Library Association; Loco- 
motive Publishing Co. ; Messrs. Longmans, Green and 
Co., Ltd. ; N. W. McLachlan, D.Sc.(Eng.) ; Mines Depart- 
ment; A. Monkhouse; E. B. Moullin, M.A.; G. A. 
Murray ; National Electric Light Association ; Oxford 
University Press; Sir Isaac Pitman and Sons, Ltd.; 
J. Poole; O. R. Randall, Ph.D., B.Sc.; Messrs. S. 
Rentell and Co., Ltd.; Schweizerischer Elektrotech- 
nischer Verein; Signals Experimental Establishment, 
Woolwich; W. H. Smith; Solicitors’ Law Stationery 
Society, Ltd. ; Messrs. E. and F. N. Spon, Ltd.; Trader 
Publishing Co., Ltd. ; University Tutorial Press, Ltd. ; 
T. F. Wall, D.Sc., D.Eng.; H. Williams. 

The premiums awarded by the Council for papers 
(see page 649) were announced by the President. 

The President then summarized the Annual Report 
of the Council (see page 690) and moved '' That the 
Annual Report of the Council for the year 1926-27, as 
presented, be received and adopted.” 

The motion was seconded by Mr. F. Gill. 

In reply to a question from Mr. W. A. Erlebach, 
the President said that, for legal reasons, the Electrical 
Appointments Board was a body entirely separate from 
the Institution and for that reason was not included 
in the list of Institution Committees shown in Appendix C 
of the Annual Report. 

Mr. F. W. Purse, after congratulating the Council 
on the very satisfactory nature of the Report and 
Accounts, called attention to the very large increase 
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during the preceding five years in the number of Non- 
Corporate Members as compared with the increase of 
Corporate Members, and to the fact that the subscrip- 
tions of Non-Corporate Members were such that they 
were not bearing their proper share of the expenditure 
of the Institution. He urged also that some reduction 
might be made in the subscription of Members in order 
to encourage a flow to that class from the class of 
Associate Members. 

Replying to a question from Mr. L. W. Phillips, 
the President said that the Council had already approved 
in principle the admission in future of approved subjects 
of former enemy countries, and that the necessary 
alterations would be made in the Bye-laws at the next 
revision. 

In reply to Mr. P. M. Baker, who asked under what 
circumstances Students left the Institution and why so 
many delaved transfer to higher classes of membership, 
the President said that during the war many young 
men had entered the profession who were not fitted for 
it and therefore left the Institution, and, on the other 
hand, on account of the war, the period during which a 
Student could remain in that class had been extended 
by the Council. 


The resolution was then put to the meeting and was 


carried unanimously. | 

Lieut.-Colonel F. A. Cortez Leigh (Hon. 
Treasurer) said: I rise to move '' That the Annual 
Accounts and Balance Sheet for 1926 as presented be 
received and adopted." The income for 1926 shows an 
increase over 1925 of £2 559, while the corresponding 
expenditure, omitting the reserve provision at the foot 
of the account, is less by £1418. The surplus, after 
making this provision, is £3 882, against £1196 in 
1925, while £3 000 has been placed to Reserve Fund 
against £2 000 in 1925. Coming to the individual items 
of expenditure, management shows about the same total 
as in 1925, the increases under some headings being offset 
by decreases underothers. Thelarge saving in printing is 
due to the fact that no List of Members was published 
in 1926. The cost of running the Institution Building 
is less by £3 884, owing to the fact that in 1925 there 
was special expenditure of nearly that amount on the 
wiring installation. The expenditure on the Journal 
has increased by £281, the volume being larger than 
any previous one, and more copies having to be printed 
in view of the growing membership. Science Abstracts 
has further improved its position, and this year it shows 
an apparent surplus of £88, but this does not include 
establishment charges, nor clerical and similar work 
done by the staff of the Institution. Expenditure on 
meetings shows an increase of £234, of which £105 was 
in connection with the Jubilee of the Telephone and 
£84 was due to an increase in the number of Faraday 
Lectures. The expense of £160 for Ship Wiring Regula- 
tions is due to the preparation of a new edition, which 
was found necessary in order to bring the publication 
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up to date. On the income side of the account, sub- 
scriptions have improved by £1 321, and entrance fees 
by £373. Dividends and interest show an increase of 
£224, and the other items in the income account are 
well maintained. As regards the Balance Sheet, the 
mortgage with the Economic Society has been reduced 
by £1176, and £787 has been spent on repairs to the 
Building during the year, the provision for this being 
£1500 year in and year out, so that the amount of the 
repair fund has increased. The securities on account 
of General and Reserve Funds now amount to £50 822 
at cost, and their market value on the Ist May was 
£50 461, so that the total depreciation is very small 
and in course of time may be expected to disappear 
altogether. Taking the values of the various items as 
they appear in the Balance Sheet, and deducting the 
amount still due to the Economic Society in respect of 
the Building, the assets amount to £152 906 and the 
liabilities to £7 299, as set out in the Council's Report, 
giving a surplus of £145 607, an improvement of £8 279 
on the preceding year, which is strong evidence of the 
prosperity of the Institution. As far as can be seen, 
the figures for 1927 are likely to be equally satisfactory. 
I therefore have much pleasure in proposing the motion 
which stands in my name. 

The resolution was seconded by Mr. Roger T. Smith. 

Mr. W. R. Rawlings urged the Council, in view of 
the satisfactory financial condition of the Institution, 
to increase the grant to the British Engineering Standards 
Association from £500 to £1 000 per annum. 

Mr. LI. B. Atkinson supported Mr. Rawlings. 

The resolution for the adoption of the Accounts and 
Balance Sheet was then formally put by the President 
and unanimously adopted. 

The following resolution, moved by Mr. R. W. Paul 
and seconded by Mr. W. J. Medlyn, was carried with 
acclamation: '' That the best thanks of the Institution 
be accorded to the following officers for their valuable 
services during the past year: (a) the Hon. Secretaries 


^ of the Local Centres and the Local Hon. Secretaries 
abroad, and (b) the Hon. Treasurer, Lieut.-Col. F. A. 


Cortez Leigh." 


Mr. F. W. Crawter then moved: “ That -Messrs. 


Allen, Attfield and Co. be appointed Auditors for the 
year 1927-28.” 


The resolution was seconded by Mr. J. 
Rosen and unanimously adopted. 

Mr. D. J. Bolton, seconded by Mr. L. W. Phillips, 
moved ''That no paper submitted for consideration 


shall be rejected without some indication being given 


to the author as to the reasons for its rejection.” 

After Messrs. E. W. Moss, E. H. Shaughnessy, and 
Ll. B. Atkinson had spoken against the resolution, 
the mover and seconder, on the suggestion of the 


President, agreed to withdraw it, on the understanding 


that the President would bring the question before the 
Council. | 
The meeting terminated at 7 p.m. 
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63RD MEETING OF THE WIRELESS SECTION, 18 MAY, 1927. 


Mr. E. H. Shaughnessy, O.B.E., took the chair at 
6 p.m., in the absence of Prof. C. L. Fortescue, Chairman 
of the Section. 

The minutes of the meeting of the Wireless Section 
held on the 4th May, 1927, were taken as read and were 
confirmed and signed. 

The following list of Premiums awarded by the Council 
for papers read before the Wireless Section during the 
Session 1926-27 was read :— 


The Duddell Premium (value £20). 

T. L. ECKERSLEY. ‘‘Short-Wave Wireless Tele- 

A Premium (value £20). 8t4Phy.” 

R. V. HANSFORD, D.Sc., ‘“ Some Notes on Design De- 
and H. FAULKNER, tails of a High-Power Radio- 


B.Sc. Telegraphic Transmitter 
using Thermionic Valves.” 
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The Benevolent Fund. 
The following is a list of the Donations and Annual 
Subscriptions received during the period 26 September- 
25 October, 1927 :— 


t» 
pt 
o 


y TA ob oo O! 


Allan, C. T. T. (Cardiff) 

Ball, W. C. D. (Singapore) 

Blackiston, H. E. (London) 

Brent, W. H. (Rayleigh) 

Clinch, W. N. C. (Enfield) 

Denton, H. H. (Crewe) 

Dudley, L. C. (London) P5 

Eckersley, T. L. (Chelmsford). . 

Farrer, M. (Twickenham) 

Fennell, W. (Northwich) 

Graham, D. H, (Coventry) 

Harriss, G. M. (Monkstown) .. 

Jackson, S. B. (Penang) 

Johnson, A. (Birmingham) 

Klitz, R. W. (Wrexham) 

Lee, T. F. (London) 

Modi, A. K. (Navsari) e i 

Palmer, W. H. (Wallsend-on-Tyne) . 

Parry, W. (Altrincham) A 

Pickersgill, A. (Cleckheaton) .. 

Pike, F. A. (Derby) T 

Rogers, G. (Birmingham) 

Ridding, J. W. (London) bg 

Rogers, W. R. (Gateshead-on-T yne) 

South Midland Students' Ball Committee 

Striem, H. H. V. (Chesham) .. 

Sundar, P. M. (Howrah) 

Train, A. R. (Nantwich) 

Western Centre.. T we gs 

Woodall, R. H. (Coventry) .. $^ 
* Annual Subscriptions. 
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The Chairman announced that the following nomina 
tions had been made by the Wireless Section Committee 
to fill the vacancies which would occur on the Com- 
mittee on the 30th September, 1927 :— 


Chairman : Lieut.-Col. A. G. Lee, M.C., B.Sc. 


Members of Committee: Mr. J. Hollingworth, Mr. 
E. B. Moullin, M.A., Mr. G. H. Nash, C.B.E., and 
Mr. C. E. Rickard, O.B.E. 


A paper by Mr. P. K. Turner, Associate Member, 
entitled ‘‘ A Wireless Works Laboratory '' (see page 881), 
was read and discussed. 


On the motion of the Chairman a vote of thanks to 
the author was carried with acclamation, and the meeting 
terminated at 7.50 p.m. 


NOTES. 


Accessions to the Lending Library. 


ANNETT, F. A. Electric elevators, their design, con- 
struction, operation and maintenance. 


8vo. 459 pp. New York, 1927 
ARNOLD, A. The modern electrical engineer. 4 vol. 
la. 8vo. Londen, (1927. 
Barrows, H. K. Water power engineering. 
8vo. 743 pp. New York, 1927 


Barrows, W. E. Light, photometry and illuminating 
engineering: embodying a thorough revision of 
* Light, photometry and illumination.” 
8vo. 422 pp. New York, 1925 
BLAKE, E. Selected studies in elementary physics; 4 
handbook for the wireless student and amateur. 
sm. 8vo. 184 pp. London, 1920 
Brake, G. G. History of radio telegraphy and tele- 
phony. 8vo. 444 pp. London, 1926 
BnaAvMrR, D. H., and Roer, A.C. Repair shop diagrams 
and connecting tables for induction motors. 


8vo. 245 pp. New York, 1927 

BRITISH INSULATED CABLES, LIMITED. The B I. hand- 
book. 4th ed. sm. 8vo. 452 pp. Prescot, 1921 
Brown, O. F. The elements of radio-communication. 


With a foreword by Sir H. B. Jackson, G.C.B. 
8vo. 223 pp. London, 192% 
Carson, J. R. Electric circuit theory and the opera- 
tional calculus. 8vo. 206 pp. New York, 1926 
CLAYTON, A. E., D.Sc. The performance and design of 
direct-current machines. Atextbook . . . covering 
the svllabuses of the B.Sc.(Eng.), the A.M.LE.E., 
and other examinations in this subject. 
8vo. 430 pp. London, 182% 
and SHELLEY, H. J. Elementary electncal 
engineering. 


sm. 8vo. 419 pp. London, 1927 
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THOMAS BARTON, one of the pioneers of the 
electrical industry, was born at Blackburn, his father 
being a well-known ironmonger in that town. He 
was apprenticed to Messrs. Baldwin, a firm of iron and 
steel merchants and general hardware dealers, and 
early began to show a liking and aptitude for electrical 
work, carrying out at first electric bell and telephone 
work and then small electric lighting plants. To 
further his knowledge he went for a time to the Anglo- 
American Brush Electric Light Corporation of Lough- 
borough. He then set up in business in Ainsworth- 
street, Blackburn, and developed a very large electrical 
contracting business. One of his early successes was 
the erection of arc lamps in front of the Town Hall to 
illuminate the declaration of the poll at a general 
election. Further pioneering work was the installation 
of arc lamps on the Blackpool promenade and of an 
electric motor in a coal mine at Great Harwood for 
pumping water. He was also one of the first to install 
electric light in a paper mill and became an expert in 
that class of work. About this time he carried out 
work in almost every part of the British Isles and was 
called in as consulting engineer by the Blackburn Cor- 
poration in connection with the town’s electricity 
supply, and also by the Fleetwood Urban District 
Council and the Nelson Corporation. He gradually 
extended his business and manufactured dynamos, 
motors, switchboards, etc. Other branches in which 
he engaged were lightning conductors, chimney repairs, 
and telephone lines. He died on the 2nd July, 1927, 
at the age of 74. He was elected a Member of the 
Institution in 1894. 


ALEXANDER CAMPBELL CORMACK was born 
on the 20th May, 1873, the third son of Alexander 
Cormack, of Dumbarton. At an early age he showed 
keenness in science studies and gained the Denny 
Gold Medal for science in Dumbarton Academy.  There- 
after he began an apprenticeship as an electrical engineer 
with Messrs. Wm. Denny and Brothers, Dumbarton, 
and during it he acted for six months as electrician on 
board the s.s. “ Ruahine” when she went on her 
maiden voyage to Australia and back. The dynamos 
were driven by Tower spherical engines, an interesting 
and novel type which has not survived. He continued 
his studies in the evenings and was for a year at 
Glasgow University under Lord Kelvin. In 1895 he 
went to Messrs. John Fowler and Co., Leeds, to get 
experience in alternating-current machinery, and two 
years later was appointed a charge engineer in the 
Edinburgh Corporation electricity works. An attack 
of pleurisy there greatly affected his health and after 
a period of recuperation he was appointed engineer 
for a district under the National Telephone Co. When 
the National Boiler Insurance Co. took up the insurance 
of electrical machinery he was appointed head of the 


new department and carried out his increasing duties 
for a period of more than 25 years. The years of the 
War were a heavy drain on his strength and when he 
relaxed, in November 1924, although he entered a 
sanatorium at once, it was too late to regain health 
and he passed away on the 9th July, 1926. He will be 
remembered for his originality, skill and devotion to 
his work, his readiness to help others, his knowledge 
and skill in sport, his gifts as a raconteur, and his cheer- 
fulness and considerateness as a friend. He was elected 
an Associate in 1898, an Associate Member in 1899, 
and & Member in 1905. J. D. C. 


LiEuT.-CoLONEL PATRICK WALTER D'ALTON 
was born in 1856 and was educated at Dublin and at 
King’s College, London. His practical training was 
obtained at the Reading Iron Works, the North-Eastern 
Marine Engineering Works, and with Messrs. R. and W. 
Hawthorne. He subsequently went to sea and obtained 
his chief engineer’s certificate. In 1886 he was appointed 
chief engineer to the Nordenfelt Submarine Boat Co. 
A few years later he turned to electrical engineering 
and in 1889 became resident engineer at the Deptford 
power station of the London Electric Supply Corpora- 
tion. In 1892 he succeeded Mr. Ferranti as engineer- 
in-chief of that company. On the outbreak of the 
South African War he took up military service and 
rose to the rank of Major in the 6th Battalion of the .. 
Royal Irish Rifles. At the end of 1900 he became chief 
engineer to the Central London Railway. In 1903 
he joined the staff of Messrs. Dick, Kerr & Co., Ltd., as 
chief mechanical engineer, remaining with that firm 
until November 1914, when he set up in private practice 
as a consulting and inspecting engineer. In 1916 he 
was appointed chief engineer to the Valuation Committee 
under the Ministry of Munitions with the rank of Lieut.- 
Colonel, and held office until the Committee was dissolved 
in 1921. He subsequently resumed private practice, 
and died on the 10th April, 1927, aged 71. He served 
at various times with the Yeomanry, Volunteers, Terri- 
torials and Regulars, and retired in 1910 when Second- 
in-command of the London Irish with the rank of 
Lieut.-Colonel. He was elected a Member of the 
Institution in 1896. 


ADOLPHE ALFRED DION, general manager of the 
Ottawa Electric Co., the Ottawa Light, Heat and Power 
Co., and the Ottawa Gas Co., died on the 8th October, 
1926, at the age of 67. He was born in Quebec and was 
educated in that city. In 1875 he went to Ottawa and 
was employed by the Dominion Telegraph Co. for 
5 years, for part of that time as an operator. From 1880 
to 1891 he was employed in various capacities on railway 
work, first with the Atlantic and Cape Breton Railways 
and subsequently as electrician in the service of the 
Intercolonial Railway where he had charge of all elec- 
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trical engineering work at the station, shops, yards, etc., 
also the train-lighting equipment and electric signals. 
In 1891 he was appointed general superintendent and 
electrical engineer to the Chaudiére Electric Light and 
Power Co., which in 1894 became the Ottawa Electric Co. 
He later was appointed general manager and remained 
with the company until his death. He was also 
associated with other enterprises in Ottawa and practised 
as a consulting engineer. He was one of the best 
known electrical engineers in Canada and served four 
terms of office as president of the Canadian Electrical 
Association. He was elected a Member of the Institution 
in 1910. 


- ENGINEER-COMMANDER WILLIAM DOBSON, 
R.N.R., died on the 29th March, 1927, at Wembley, 
at the age of 57. He served his apprenticeship with 
Messrs. Vickers, Sons and Maxim at Barrow from 
1889 to 1892, and later was engineer-in-charge on 
various boats of the P. and O. Steam Navigation Co. 
In 1896 he obtained a commission in the Royal Naval 
Reserve. From 1898 to 1904 he was with the Metro- 
politan Electric Supply Co. as assistant engineer at 
that company's Whitehall Court, Rathbone Place, 
and Amberley Road stations; and in 1904 and 1905 
he was with the British Westinghouse Co. as operating 
engineer at the Neasden power station under their 
contract with the Metropolitan Railway Co. He then 
transferred to the Metropolitan Railway Co.'s service 
as assistant electrical engineer and was in charge of 
the Neasden power station and substations and also 
the rolling-stock electrical equipment. In 1912 he 
entered the service of the London and North-Western 
Railway Co. at Stonebridge Park as power station 
superintendent, a position which he held until his death. 
He was elected an Associate Member of the Institution 
in 1906 and a Member in 1921. F. A. C. L. 


ALBERT GAY, electrical engineer to the Islington 
Borough Council for nearly 33 years, was born at 
Barnstaple in 1859 and died on the 12th April, 1927. 
After a practical training at the works of the Anglo- 
American Brush Co., he was engaged in 1881 by Messrs. 
Hammond and Co. in erecting installations, and subse- 
quently started business on his own account. In 1887 
he was appointed chief of the wiring department in 
the House-to-House Electric Lighting Co. Between 
1889 and 1891 he acted as engineer and manager, first 
to the Eastbourne Electric Lighting Co. and afterwards 
to the Brighton and Hove Electric Lighting Co. In 
1891 he rejoined the House-to-House Co. and, until 
1894, acted as chief engineer and manager at the West 
Brompton central station. In that year he was selected 
by the Islington Vestry to draw up plans and specifica- 
tions and superintend the erection of their electric 
lighting works, and to take charge of the works when 
completed. The power station at Edengrove, Holloway, 
was opened in March 1896 and had a capacity of 160 kW, 
the system of supply being single-phase alternating cur- 
rent at 50 periods, generated at 2 000 volts and trans- 
formed to 100 and 200 volts by means of street and 
house transformers. It is of interest to note that the 
design of the power-house buildings as originally con- 


ceived in 1894 has permitted modern plant to be installed, 
the capacity of the station at the time of Mr. Gav's 
decease being approximately 26 000 kW. He was elected 
a Member of the Institution in 1895. A. P. M. 


WILLIAM JOHN GRAHAM, who was born on the 
4th June, 1856, and died on the 23rd January, 1927, 
was one of the oldest members of the Institution. 
He was elected a Student in 1872, an Associate in 
1876, and a Member in 1898. After being educated 
at the Greenwich Proprietary School he, at the age of 
16, became a pupil of the late Samuel Edmund Phillips, 
then chief electrician to the firm of W. T. Henley. 
At this time the period of rapid development of sub- 
marine cable telegraphy had commenced, and at the 
early age of 19 Mr. Graham was in China installing 
telegraph stations on the Yangtse River. He remained 
in China about two years. After his return he became 
connected for a time with the French Atlantic Cable Co., 
and later was in the service of Messrs. Greener, 
inspectors to the India Office. In 1881 he joined the staff 
of Messrs. Siemens Brothers and Co., in whose service 
he remained until his death. During the greater part of 
this period he was prominently connected with almost 
every cable expedition undertaken by the firm, either 
in charge of the electrical department on board the 
C.S. ‘‘Faraday’’ or in charge at the shore station 
during laying operations. The total length of these 
cables was between 27 000 and 28000 nautical miles. 
After 1913 he ceased to accompany the laying expedi- 
tions, which he had regularly done, as chief electrician 
since 1901. He continued, however, to attend to his 
duties in the cable works, with the conscientious 
thoroughness which had distinguished his life. Under 
a somewhat stern exterior and inflexible devotion to 
duty he had a most kindly disposition which was probably 
best known to those who had been his assistants during 
dreary watching in cable huts, more often than not on 
lonely, barren coasts. His life story is an epitome of 
the history of submarine cable development. M. C. T. 


KAY OSCAR ARTHUR GULSTAD, who died on 
the 4th June, 1927, was born on the 29th December, 
1853, in the town of Slesvig. In 1881 he entered 
the service of the Great Northern Telegraph Co. at 
Copenhagen. In 1882 he was transferred to the com- 
pany's telegraph office at Newcastle-on-Tvne, where 
he served as a telegraphist and electrician until Novem- 
ber of the same year, when he was transferred to London 
to assist in supervising the manufacture of a submarine 
cable for the Far East. After visiting some of the 
company's stations in the Far East and taking part 
in the laying of the cable between Japan and Korea, 
he was, in 1884, transferred to Copenhagen as an 
assistant in the technical department of the companv. 
In 1889 he became assistant engineer, and in 1896 
engineer. In 1901 he was made chief of the technical 
department, and was in 1902 appointed engineer-in- 
chief to the company, in which position he served 
until 1910, being also a member of the board of 
management from 1908 to 1910. In 1910 he resigned 
owing to bad health and was thereupon appointed 
consulting engineer to the company. On recovering 
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his health he served actively in that capacity until 
a few days before his death. As a telegraph engineer 
he was in the front rank. His wide range of know- 
ledge, his genius for accurate observation and his 
great energy, coupled with a never-failing interest for 
even minute technical details, made him eminently 
well suited for research and scientific experimental 
work, and his research work led to many improve- 
ments in the technical telegraph service of the company. 
His most important invention is the '' vibrating relay ” 
which has been given his name. He had a most lovable, 
noble and unselfish character, and those who had the 
privilege of knowing him and of collaborating with 
him wil always remember him with affection and 
veneration. He was elected a Member of the Institu- 
tion in 1902. 


WILLIAM EVERSLEY HARDY, M.B.E., died on 
the 20th May, 1927. He was one of those capable 
electrical engineers who, by their own desire, keep 
within the shadows of the limelight, nevertheless doing 
great and efficient work for his profession, which was 
fully recognized by all who knew him—a man of 
irreproachable character, highly honoured for his 
honesty of purpose in all things, and particularly in 
developing to a very successful issue the work with 
which he was entrusted. He was the elder son of Major 
W. E. Hardy, R.A. Born at Weymouth, his early 
life was spent at Woolwich Military Academy, where 
his father was Adjutant, and at Shoeburyness School 
of Gunnery, where his father was instructor. His 
preparatory school was Restoration House, Rochester, 
after which he went to the United Services College at 
Westward Ho. During some holidays spent at Shoe- 
buryness, early experiments with the searchlight were 
being carried out, and these first created his desire to 
follow up electrical engineering. From Westward Ho 
he went to Sir Edmund Curry’s School of Engineering 
at Folkestone, and from there to the City of London 
Electric Lighting Co., where he assisted in their pioneer 
work, first at the original Wool Quay and afterwards 
at the Bankside station. He spent some 10 years at 
the latter power house, attaining a responsible position, 
and then went to Bath in 1903 as assistant engineer 
in the Bath Tramways undertaking. He became manager 
in 1905 and was appointed managing director in 1926. 
When war broke out in 1914, he was anxious to join 
the Forces, but, to his great regret, health considera- 
tions made him unacceptable and he offered his services 
to the coal controller, feeling that his technical know- 
ledge would be most serviceable in that direction. He 
was appointed technical adviser for the South-West 
of England and did excellent and useful work. He 
was a born leader of men, and was extremely popular 
with all who worked under him. A very sad feature of 
his death was that at his invitation the Tramways 
and Light Railways Association were meeting in Bath 
on the 30th June and he had been looking forward to 
the meeting at which he was to have read a paper 
on ''Some Aspects of Local Passenger Traffic." Mr. 
C. J. Spencer, at the opening of the Congress, made the 
following remarks: ''He was a kindly soul: he was a 
sympathetic soul: he was, above all things, loyal to 


. and a Member in 1908. 
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his job and his friends." Those who had the privilege 
of knowing him have suffered a grievous loss by his 
death. He was elected an Associate of the Institution 
in 1804, an Associate Member in 1901, and a Member in 
1909. H. I. R. 


Sir JAMES H. R. KEMNAL, well known through- 
out the world as managing director of Messrs. Babcock 
and Wilcox, Ltd., died somewhat suddenly on the 
8th February, 1927, in his sixty-third year. Origin- 
ally known as Mr. James Rosenthal, he was born in 
London, of British parents, his father being Mr. James 
Rosenthal, a naturalized British subject, and his mother 
of Scottish descent. He was first educated in London, 
and later proceeded to Cologne University, afterwards 
entering the works of the Belgian State Railways as an 
apprentice. On completing his apprenticeship he 
joined the engineering staff of the Anderson Foundry Co., 
Ltd., and whilst there became acquainted, in 1881, with 
Mr. Charles A. Knight, who was then establishing a 
British branch of the Babcock and Wilcox Co. of New 
York, U.S.A., of which branch Mr. Rosenthal was 
appointed manager in 1883. The rapid progress made, 
and the amount of business transacted, were such as 
to justify the formation in 1891 of a separate British 
company of which he became managing director, 
conjointly with Mr. Knight. Works were established 
at Renfrew and employment was found for some 130 
men. In 1900 the company was reconstructed, with 
increased capital, under the title of Babcock and Wilcox, 
Ltd., with Mr. Rosenthal as managing director. In 1915 
he assumed the name of Kemnal. Throughout the War 
his personal energies and the manufacturing resources 
of the company were practically devoted to meeting 
national needs, and in 1920 he received the honour of 
knighthood for the services which he, and the com- 
pany, had rendered. He also served as president of 
the British and Latin American Chamber of Commerce, 
and in all these capacities displayed a master mind 
and was successful in securing the most loyal and active 
assistance of all associated with him in his various 
activities. In addition to being a member of various 
technical institutions, he was a Fellow of the Royal 
Society, Edinburgh, a liveryman of the Worshipful 
Company of Shipwrights, a Freeman of the City of 
London, a Justice of the Peace for the City of Glasgow, 
and, had he lived, the LL.D. Degree would have been 
bestowed upon him by the Glasgow University. During 
the past 40 years he was most closely identified with 
the development of steam-generating plant for electric 
power stations, the Navy, and the Mercantile Marine, 
and he contributed valuable papers to several of the 
Institutions and the first World Power Conference. 
He was elected an Associate of the Institution in 1888, 


THOMAS DIXON LOCKWOOD was born at 
Smethwick, Birmingham, on the 30th December, 
1848, and died at his home, Melrose, Mass., on the 
6th April, 1927. In 1865 he left England for Canada 
with his father and the latter’s family, and became 
the first operator at Port Hope, Ontario, for the Pro- 


-vincial Telegraph Co. He afterwards went to the 
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United States and was successively engaged in making 
paper in Massachusetts, plate glass in Indiana, and 
teaching school in Arkansas. His early experience as a 
telegraph operator and his predilection for electrical 
work, however, exerted their influence, and other pur- 
suits were abandoned for telegraphy. He worked for 
the Gold and Stock and the American Djstrict Tele- 
graph Companies, among others, and in 1879 obtained 
an appointment as assistant general inspector in the 
Bell Telephone Co. His work went much beyond his 
titular office, for the organization was then in the initial 
stage and its employees turned their hands to any sort 
of useful work which needed to be done. Patent litiga- 
tion was predominant, and here his knowledge and 
skill were of great importance. His success in this 
work led to his being placed, in 1881, at the head of a 
new bureau of patent and technical information, of 
which the company saw the need. In his conversation 
there were occasionally to be noted some indications of 
regret that he had not been retained in the work 
of technical development, but results justified the choice 
of his superiors in the work allotted him. Having already 
the necessary technical information, he acquired the 
equally necessary legal knowledge and, aided by a 
phenomenal memory, controlled with great ability the 
patent side of the company’s business. It may be 
said with certainty that he was alone in his complete 
knowledge of telephonic and allied inventions. Though 
thus devoted to one department he was still active 
in new developments, and his criticisms in the formative 
stages of telephonic progress were acute and helpful. 
As a writer he was clear and direct. He was much 
sought after as a speaker at meetings of telephone 
societies, and could always be relied upon for a stimu- 
lating and informative address. He was conscious 
of the deficiencies in his early education, though by 
assiduous study he had overcome them, and he was 
always anxious to smooth the path of those suffering 
similar disabilities. In the preface of his ‘‘ Hand Book 
of Electric Telegraphy " he writes: '' . the know- 
ledge that but few of the many books written upon the 
subject are fitted for the self-helper, who has to struggle 
against many difficulties, notably that of neglected 
early education, forms the excuse of the author for 
inflicting another book upon the electrical public." 
One other quotation—the opening of his preface to his 
'* Practical Information for Telephonists ”?” (1882)—well 
indicates his conception of the wide field of usefulness 
for electricity: '' No science is so pre-eminently the 
science of the age as that of electricity; nor is any 
study so fascinating, or so enthralling to its votaries ; 
and when associated with its elder sister, ' magnetism,’ 
to work modern miracles, it is not for any living creature 
to limit the number, character or scope of its mani- 
festations." He was elected a Member of the Institu- 
tion in 1880 and always took great interest in its pro- 
gress. When arrangements were being made for the 
new building he expressed a desire to ‘‘ put a brick 
in it," a desire which was accomplished by a contribution 
of £100 to the Building Fund which the Institution had 
set up. He was also one of the first members of the 
American Institute of Electrical Engineers, and served 
as manager and vice-president, an honorary member 


of the National Electric Light Association, an honorary 
member of the Association of Railway Telegraph 
Superintendents [U.S.A.], and a member of the Canadian 
Electrical Association. J EK. 


HENRY AIRTON McINNES was born on the 
llth August, 1868, and entered the Post Office service 
at Hull in 1883 as a telegraph learner. He became an 
established telegraphist in the same office two vears 
later and immediately devoted himself to the studv 
of electrical science, with a view to qualifving himself 
for the engineering side. In 1891 he was successíul 
in his object and took up duty in the office of the 
superintending engineer of the North-Eastern District. 
In those davs the clerical staff in the superintending 
engineers' offices was recruited mainlv by selecting the 
best technically qualified candidates available, and 
the clerical and engineering staffs worked in close 
association. The purely engineering class was recruited 
largely from those members of the clerical side who 
showed special aptitude for the work and who were 
considered competent to take administrative control 
of an engineering section. Mr. McInnes was sclected 
as second-class engineer in the Aberdeen Section in 1901. 
Four years later he was promoted to the first class and 
transferred to Oxford, where he remained until 1924. He 
was then transferred to the Designs Section at head- 
quarters. The change from the active life of a country 
section to the more sedentary occupation of an assistant 
staff engineer in London did Mr. McInnes little good 
from the health point of view and in 1925 he underwent 
a serious operation. From the effects of his illness he 
never really recovered and he passed away on the llth 
January, 1927. He was keenly interested in apparatus 
design, with a special bent towards acoustics and sound- 
producing devices. While serving in the provinces 
he suggested and developed various ingenious novelties, 
among which was what might be called a '' loud-speak- 
ing ” relay which could be utilized for morse reception 
without involving the provision of a local sounder and 
battery. He was suave, courteous and kindly in 
disposition, and was loved and respected by everyone 
he encountered. He was elected an Associate Member 
of the Institution in 1910 and a Member in 1923. W.C. 


HAROLD MORRIS-AIREY, C.B.E. M.Sc., died 
at Portsmouth on the 19th June, 1927, in his forty- 
eighth year, having been born on the 10th February 
1880, at Crumpsall, Manchester. He was educated at 
Owen's College, Manchester, and upon the completion 
of his degree course was sent to Germany by Prof. 
Schuster to carry out experimental work in physics 
under Prof. Kayser at Bonn University, where he con- 
tinued from 1901 to 1903 as assistant in the physical 
laboratories. He returned to Owen's College in 1903 
as demonstrator in the Physical Laboratories of the 
University of Manchester, which post he held until 1906. 
He devoted much of his spare time to experimental 
research and published articles on such subjects as 
wave-length determination in the extreme ultra-violet 
portion of the spectrum, the rigidity of gelatine, and 
the resolving power of spectroscopes ; also papers con- 
jointly with other workers on electrical measurements. 
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He was a very keen research worker and, after demon- 
strating in the laboratories of Owen’s College during 
the day, would retire to the research laboratory in the 
basement to his experiments, where one would find him 
happily employed, alone with his pipe and his apparatus. 
In 1906 he was appointed Lecturer in Physics at Arm- 
strong College, University of Durham, where he carried 
out experimental work in wireless telegraphy, which 
included considerable work in connection with the 
Origin of atmospherics. In 1915 he was appointed 
to the Wireless Telegraphy Department of H.M.S. 
" Vernon," Portsmouth, first as Lieutenant and later 
as Lieutenant-Commander, R.N.V.R., and there he 
took an active part in the development of wireless 
apparatus, especially for naval aircraft. During 1918 
he was appointed in charge of the Experimental Wireless 
Transmission Section, H.M. Signal School, Portsmouth, 
and held the rank of Lieutenant-Colonel, R.M. (un- 
attached). In 1920 he was appointed chief technical 
| adviser to H.M. Signal School, where he was responsible 
for the technical development of apparatus for wireless 
telegraphy and allied methods of signalling. He 
possessed in a marked degree a combination of sound 
judgment, technical knowledge and imagination. These 
qualities ensured success in his work of developing 
apparatus to embody the technical advances made during 
and after the war. In particular the silica power valve 
for wireless telegraphy was one of the subjects in which 
he took great interest, and its success has been in great 
measure due to his enthusiastic support, especially 
in the earlier stages of its experimental development. 
He had a very equable temperament and possessed 
remarkable self-control. During the last five years 
of his life he carried on his work under difficult con- 
ditions due to ill-health, but he was always cheerful and 
optimistic with his colleagues. He became a Member of 
the Institution in 1923. G. S. 

WILLIAM MUIR NELSON, chief engineer of the 
Tramway Department of the Brisbane City Council, 
died at Brisbane on the 5th October, 1926. <A son of 
the late Sir Hugh Nelson—a former State Premier—he 
was born at Loudoun, near Dalby, in 1872, and was 
educated at Toowoomba Grammar School. After 
spending some time in the railway workshops at Eveleigh, 
New South Wales, he left Australia in order to obtain 
further experience as an electrical and mechanical 
engineer and went to London and Edinburgh. In 
1900 he was appointed chief engineer and manager of 
the Greenock Corporation Electricity Supply Depart- 
ment. In 1903 he returned to Australia as chief 
assistant engineer to the Brisbane Tramways Co., Ltd., 
a position which he held for five years, and then went 
to Launceston in connection with the construction of the 
Council's electric tramways. In 1910 he was appointed 
chief engineer to the Christchurch Tramway Board, 
but three vears later he returned to Brisbane as chief 
assistant engineer to the Brisbane Tramways, being 
subsequently appointed chief engineer and general 
manager in 1921. When the system was taken over 
by the Brisbane Tramways Trust at the beginning of 
1923, he was appointed acting general manager and 
chief engineer. In 1924, owing to the extension and 


development of the system, it became necessary to 
separate the management from the engineering branch 
and he was appointed chief engineer, a position which 
he held until his death. He was elected a Student of 
the Institution in 1894, an Associate in 1897, an Associate 
Member in 1902, and a Member in 1920. He was 
chairman of the Queensland Section of the Institution 
of Engineers, Australia, and was recognized as one of 
the leaders of his profession in Queensland. 


WILLIAM PENNINGTON died on the 4th August, 
1926, in his fifty-third year. Throughout his career 
in the Civil Service he was attached to the Post Office. 
He entered that service in 1889 and passed through its 
engineering grades to the rank of assistant superintend- 
ing engineer, a rank which he attained shortly before 
his decease. The early years of his service were 
spent in Ireland. In 1909 he crossed to England to 
take up duties in Somerset. After a short period there, 
he was transferred to Wales, where, as an executive 
engineer, he took charge of the South-Western District, 
his centre being at Swansea. While there, in addition 
to many important works in connection with the tele- 
graph and telephone services, he was responsible for the 
erection and installation. of the Fishguard wireless 
station in the earlier days of wireless telegraphy. During 
the War, in addition to his normal duties, much of his 
time was spent in cable-laying and repairs in connection 
with the defences of Milford Haven and Pembroke 
Dockyard, work which as a rule is carried out by a special 
department of the Service. In 1923 he was transferred 
to London to take charge of the City External Section 
at a time when extensive work in connection with the 
installation of new telephone exchanges was in progress. 
He was elected an Associate Member in 1921 and 
became a Member later in the same year. 


WILLIAM MICHAEL ROGERSON, who died sud- 
denly in Halifax on the 16th June, 1927, was born in 
the neighbouring town of Bradford on the 31st March, 
1872. He was educated at the Nottingham High 
School, and in 1886 commenced a short apprenticeship 
with Messrs. E. Reader and Sons, engine builders, of 
Nottingham. In 1887 he was apprenticed as an elec- 
trical engineer to Mr. R. Scott, of Acton, London, 
serving in this capacity for a period of four years, 
during which time he carried out the installation and 
had charge of the electrical exhibit at the Naval Exhibi- 
tion, Chelsea. From 1891 to 1893 he was with the 
P. and O. Steam Navigation Co. as an electrical engineer, 
having charge of the electrical machinery on their 
S.S. “ Parramatta ” and later on the S.S. '' Victoria." 
In 1893 he was appointed assistant engineer to the 
Maxim Weston Electrical Engineering Co., and after 
serving for some months with this company took up 
the position of assistant engineer to the Woking Electric 
Supply Co. From 1894 to the end of 1901 he was 
chief assistant engineer in the Nottingham Corporation 
Electricity Department. In January 1902 he entered 
the service of the Halifax Corporation as borough 
electrical engineer, which position he filled to the time 
of his death. When he went to Halifax the plant 
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capacity of the power station there was 3000 kW 
and the number of units generated for the year was 
2001181. The plant capacity is now 31000 kW and 
the number of units generated per annum is 32 032 418. 
This has been accomplished in face of very great diff- 
culties, the site presenting many problems from an 
engineering standpoint. The manner in which he 
overcame these difficulties has been the subject of much 
admiration. During his management there has also 
been a corresponding development of the mains net- 
work. In addition to being a capable engineer, he was 
also a keen and energetic commercial manager, and the 
rapid growth of the undertaking furnishes ample testi- 
mony to this. His last work of importance was his 
collaboration in the interconnection of the Halifax 
and Huddersfield power stations, and it affords some 
satisfaction to know that he saw this scheme com- 
pleted and the line in commission. During the War 
he served as a Captain in the Halifax Volunteer Corps, 
and rendered good service to that body. His loss will 
be felt not only by those who came in daily contact 
with him and by whom he was held in great respect 
and esteem, but by the electrical industry as a whole, 
being, as he was, a man of wonderful vitality and a 
great optimist, with the well-being of the industry 
always at heart. He joined the Institution as an 
Associate in 1894, and was elected an Associate Member 
in 1899 and a Member in 1907. T. R. 


STUART ARTHUR RUSSELL, educated at Uni- 
versity College School and University College, London, 
at which latter place he took the full engineering 
course, served his time in the shops at the London and 
North Western Railway Works, Crewe, and afterwards 
had drawing office experience with Messrs. Hunter and 
English and Messrs. Ayrton and Perry. He entered 
the employ of the India Rubber, Gutta Percha and 
Telegraph Works Co., Ltd., at Silvertown in 1883 as 
an assistant engineer in their electrical department, 
where he was occupied with the design and manufacture 
of electrical machinery and cables, the erection of 
central station plants, and the laying of underground 
mains, Subsequently he took over the supervision of 
the general engineering work of the company. In 1912 
he was appointed works manager, and in 1918 an 
extraordinary director, which positions he held at the 
time of his death, although, owing to illness, he had 
been unable to take any active part in the affairs of 
the company for over three years. He was a member 
of the General Committee of the India Rubber Manu- 
facturers’ Association for several years (Chairman in 
1920 and 1921), a member of the Board of Management 
of the British Rubber and Tyre Manufacturers’ Research 
Association, a member of the Executive Committee of the 
Federation of British Industries, a member of the 
Council of the London Chamber of Commerce, and a 
member of the Exccutive Committee of the Engineering 
and Allied Emplovers London and District Association, 
until his illness compelled him to relinquish those 
appointments. He was the author of a book on electric 
light cables and the distribution of electricity, and he 
was elected a Member of the Institution in 1891. 

A. C. R. 


GLYNN SALTER died on the 13th October, 1926, 
aged 46. He was born at Folkestone, Kent, and was 
educated at Portsmouth for the Navy. He gave up this 
intention and was apprenticed to Messrs. New and 
Mayne, electrical plant manufacturers. After serving his 
apprenticeship, he joined the staff of Messrs. Edmund- 
son's Electricity Corporation, Ltd., in whose employ 
he remained for 20 years. His first engagement with 
this firm was in connection with the Folkestone elec- 
tricity supply from 1899 to 1903. He was then trans- 
ferred to the Lymington electric light undertaking as 
engineer and manager-secretary, a position which he 
held until 1910, when he was appointed engineer and 
manager of the Hamilton (Scotland) electric light 
undertaking. That appointment he relinquished in 
1920 in order to go out to Tasmania, where he became 
proprietor of the Retlas Bronze Co. and successfully 
carried on that business until the time of his death. 
During his residence in Tasmania he endeared himself 
very much to those with whom he came in contact, and 
the reputation achieved by him in his business under- 
taking was of a high order. He was elected an Asso- 
ciate Member of the Institution in 1911 and a Member in 
1920. H. A. C. 


Major TOM VINCENT SMITH, M.C, RAF. 
was born in London in 1872, and received his technical 
education at the Regent Street Polytechnic, the North- 
ampton Institute and the Birkbeck College. From 
1906 to 1908 he represented in Berlin the English 
interests of the Amalgamated Radio Telegraph Co. He 
was then for one year assistant to Mr. Charles Bright 
(now Sir Charles Bright). In 1909 he founded the 
British Radio Telegraph Co., and acted as technical 
adviser to the board. Subsequently he was wireless 
consulting engineer to the British and Overseas Engineer- 
ing Syndicate. At the beginning of the War he joined 
the Royal Flying Corps, went to France in February 
1915, and was one of the first to be commissioned to 
the Royal Flying Corps íor specialist duties. He 
was posted to No. 3 squadron Ist Wing (then under the 
Command of Lieut.-Colonel H. M. Trenchard). This 
was the first appointment of a squadron technical 
wireless officer. In May 1915 all three squadrons of 
the Ist Wing were fitted with wireless, and very useful 
work was done during the battle of Aubers Ridge, 
for which Vincent Smith was specially thanked. This 
success led to the appointment of wireless officers for 
the other two Wings of the Royal Flying Corps. By 
the end of July great progress had been made and, now 
promoted Captain, he selected wireless officers for 
the four squadrons of the Ist Wing. During the battle 
of Loos 18 machines of the Ist Wing worked simul- 
taneously on the battle front. Sir John French, m 
his despatch of the 15th October, 1915, referred to the 
important factor that the new method had become in 
directing artillery fire. Vincent Smith was mentioned 
in the despatch of the 30th November, 1915. He 
was next appointed Officer-in-Charge of wireless at 
No. 1 Aircraft Depot, where he established a school for 
training wireless personnel, and devised methods for 
note-tuning for increasing the number of machines that 
could work together in a given area. In March 1916 


OBITUARY NOTICES. 


1023 


he was posted to G.H.Q. as technical adviser in all 
wireless matters to R.F.C. ‘Headquarters, thus being 
able to standardize all aeroplane wireless on the whole 
front. In May 1916 he was promoted Major and in 
June was awarded the Military Cross. During the 
Somme battle of 1916 there were nearly 1 000 stations 
in the battle area. At the end of 1916 he was sent 
home to start a wireless branch at the Air Board, and 
was soon in general control of wireless work for the 
Royal Flying Corps at home. He greatly improved the 
methods of training operators in this work, and his 
kindly tact was of great service. About this time the 
Italian Government decorated him as a Cavalier of the 
Military Order of Savoy. In May 1918 he was posted 
to the Experimental Establishment at Biggin Hill. 
He next joined the Staff of Major-General Sir Hugh 
Trenchard with the Independent Air Force in France. 
With this Force he remained in charge of wireless until 
the Armistice. During his service with the Air Force 
the weight of equipment was reduced from 75 lb. to 
184 Ib. and its cost from £285 to £14, and the success 
of the work in which he showed such skill is proved 
by the fact that it became possible to use one wireless 
machine with continuous-wave transmission on every 
400 yards of front, and that orders issued by the German 
Corps Staffs in 1918 instructed their personnel to salve 
British wireless apparatus because its superiority to 
their own was such that millions of money would be 
saved. After the War, he became wireless expert on 
The Times staff. He died very suddenly on the 5th 
September, 1927, while attending, on behalf of that 
newspaper, the opening of the wireless beam station to 
India. He was elected an Associate Member of the 
Institution in 1912, and a Member in 1917. He took 
great interest in the Association of Supervising Electrical 
Engineers, and served as President of the Association in 
1921-22. J.S. H. 


CoLoNEL WILLIAM STANDFORD, D.S.O., M.V.O., 
was born on the 26th July, 1856, at Canterbury, Kent, 
and after studying at King’s College, London, entered 
the accountants’ branch of the Royal Carriage Depart- 
ment, Woolwich. After two years he was transferred 
to the secretary’s office at the G.P.O., Cape Town, 
subsequently going into the private wires branch, 
where he remained for about two years. In 1876 he 
resigned and joined the Cape Mounted Rifles and was 
attached to a telegraph construction party. Later he 
was transferred to the Telegraph Department and was 
formally appointed as clerk to the general manager, 
subsequently being promoted to inspector of private 
wires and, in 1894, to assistant engineer and surveyor 
of private wires. Previous to this he was seconded in 
1891 for service with the British South Africa Company 
as superintendent in charge of telegraph extension 
northwards from Mafeking. After his return to the 
Colony he still supervised the company’s telegraphs, 
which work was eventually taken over by the Postal 
and Telegraph Department of the Colony until the 
appointment of a postmaster-general for Rhodesia. His 
military career in South Africa commenced in 1877. 
After receiving his commission in 1885 he was promoted 
to Captain in 1892, Acting Adjutant in 1899, and Major 


. a large circle of business and private friends. 


and Lieut.-Colonel in 1901. At the end of the South 
African War he was gazetted and awarded the D.S.O. 
He retired from the Post Office as controller of tele- 
phones in 1914. He joined the Institution in 1877 as 
an Associate, and became a Member in 1880. 


ALBERT LESTER TAYLOR was born in Kidder- 
minster in November, 1860, the son of a carpet manu- 
facturer. At an early age he joined the Lancashire 
and Yorkshire Railway as an apprentice in the tele- 
graph department. Subsequently he commenced prac- 
tice as a consulting electrical engineer in both Manchester 
and Liverpool, the firm ultimately becoming known as 
Lester Taylor, Kelly and Hide. In 1895 he was retained 
to act as electrical engineer to the Liverpool, Lonaon 
and Globe Insurance Co. About 1896 he joined the 
Royal Insurance Co. in a similar capacity, and then 
relinquished his consultative work, giving the whole of 
his time to the two companies. He became a Member 
of the Institution in 1900, being transferred in that 
year from the Northern Society of Electrical Engineers, 
when that Society was incorporated with the Institution, 
and became a Member of the Wiring Regulations Com- 
mittee in 1903. On this Committee he was one of the 
representatives of the Fire Insurance companies who . 
had adopted the Wiring Regulations of the Institution, 
and for many years he gave ungrudging and valuable ser- 
vices, as he was engaged in inspecting electrical installa- 
tions all over the United Kingdom. He was also one of 
the technical advisers to the Fire Offices Committee at 
Manchester. He was possessed of a quiet and un- 
assuming personality and was very much esteemed by 
He finally 
retired in February 1925, and had the satisfaction of 
knowing that the I.E.E. Regulations, to the success 
of which he had contributed so much, were at last 
officially adopted by the Fire Offices’ Committee. He 
died on the 12th August, 1927. S. G. C. R. 


GEORGE HENRY THURSTON died in London 
on the 10th July, 1927, in his fifty-eighth year. He 
commenced his engineering career in the United States 
of America and in 1892 went to South Africa, where he 
joined the firm of Messrs. Eckstein and Co., Ltd., 
resigning in 1905 to join the Consolidated Gold Fields of 
South Africa, Ltd. His transfer to their London office as 
consulting electrical and mechanical engineer took place 
in 1910, and he retained that position until the time of his 
death. He also carried on business as a consulting 
electrical and mechanical engineer and was appointed in 
that capacity to Messrs. E. D. Sassoon and Co., Ltd., in 
1912, being responsible for the electrification of their 
cotton mills in Bombay. He served in the Boer War, 
joining the Railway Pioneer Regiment, was taken 
prisoner but made good his escape, and afterwards was 
transferred as staff officer under the Director of Rail- 
ways. He was elected a Member of the Institution in 
1912. H. G. T. 


EDWIN COOPER WALLIS died at Leeds on the 
25th November, 1926, at the age of 76. He received 
his technical training in the Hanover Square School 
of Telegraphy and Electrical Engineering, and at the: 
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works of Messrs. Paterson and Cooper. After holding 
appointments, in succession as chief electrician to 
Messrs. Hathorn, Davey and Co. of Leeds, and Mr. 
Edwin Oldroyd of Leeds, he set up in business on his 
own account as an electrical contractor in 1886. From 
1891 to 1895 he was managing director of Messrs. 
Cuttriss, Wallis and Co., Ltd., and in 1901 became 
a partner in the firm of Messrs. Wallis and Watson. He 
took considerable interest in the Electrical Contractors’ 
Association, acted as Hon. Secretary of its West York- 
shire Branch for many years, and was President of the 
Association in 1908-9. He became an Associate of the 
Institution in 1883, was elected a member in 1904, and 
for several years served on the Committee of the North 
Midland Centre. 


CAPTAIN REGINALD JOHN WALLIS-JONES, 
O.B.E., T.D., was born at Liverpool in 1863 and 
died in London on the 16th April, 1927. He was edu- 
cated at Christ College, Brecon, and received his engineer- 
ing training at the works of the Anglo-American Brush 
Co., the School of Submarine Engineering, the Finsbury 
College of the City and Guilds London Institute, and 
King’s College, London. After completing his training 
he was appointed superintending engineer for the North 
of England for Mr. Robert Hammond, afterwards be- 
coming central station engineer for the Metropolitan 
Brush Co., Ltd., and subsequently engineer and manager 
of the contract department of Messrs. Woodhouse and 
Rawson, Ltd. He left them to become chief electrical 
assistant to Messrs. Kincaid, Waller and Manville, and 
in 1898 commenced practising as consulting engineer 
in partnership with the late Mr. Montagu C. Dent, 
under the name of Messrs. Wallis-Jones and Dent. He 
carried out a large number of installations, including 
those at the Cardiff Town Hall and Law Courts, the 
Newport and Monmouthshire County Infirmary, Savoy 
Hotel W. Block, and Messrs. Selfridges, etc. He was 
for many years engineer and manager of the Electric 
Welding Co., Ltd., and visited the United States on their 
behalf. He joined the Institution in 1882 as an Associate, 
was elected a Member in 1889, and served on the Council 
from 1914 to 1916. He was a keen soldier and joined 
what is now the 1/4th Welsh Royal Field Artillery 
Territorial Division in 1898, retiring with the rank of 
Major. Upon the outbreak of the Great War in 1914 
he rejoined his brigade, then the 53rd Welsh Division 
of the Roval Field Artillery, as Officer Commanding the 
ammunition column with the rank of Captain, and 
served with his unit in Great Britain and France. He 
was later appointed Officer Commanding 5th West 
Lancashire Batteries Brigade, R.F.A. (T.), and was 
subsequently transferred to the Ministry of Munitions 


as Section Director of the Foreign Iron Ore Department, 
and from thence went to the Disposals Board. He was 
a keen sportsman and had a wide circle of friends in 
the electrical industry. He underwent a severe opera- 
tion early in 1925, from which, though he rallied from 
time to time, he never recovered, and it was only his 
indomitable wil which kept him alive. The brave 
and cheerful manner in which he carried on for the last 
18 months of his life on a sick bed will always be remem- 
bered by the many friends who had the privilege of 
visiting him and helping in some slight measure to 
brighten the closing hours of his life and alleviate the 
burden of pain. He faced the situation as a true soldier 
and passed away peacefully at the last. H. W.C. 


JOHN HAROLD WOODWARD, for many years a 
partner in the firm of Messrs. Preece, Cardew and Rider, 
was born on the 23rd September, 1865, at Macclesħeld, 
his father being connected with the silk industry and 
owning a dye-works in that town. He was educated 
at the Macclesfield Grammar School and at Owen's 
College, Manchester, where he studied engineering 
under Prof. Osborne Reynolds. He specialized in 
electrical work and, on leaving college, joined the 
technical staff of Messrs. Elwell-Parker, Ltd. This 
company was absorbed by the Electric Construction 
Co. in 1890, and the lay-out of the new works at Bush- 
bury, Wolverhampton, was largely due to him. He 
also designed much of the plant for the electrification 
of the Liverpool Overhead Railway, the South Staflord- 
shire Tramways and for other early electric railways, 
tramways and electricity supply stations; and the 
first alternators installed in 1889 by the Metropolitan 
Electric Supply Co. in Manchester Square and Rathbone 
Place were also to his design. Subsequently he went as 
chief designer to Messrs. Thomas Parker, Ltd., when that 
firm was founded. In 1899 he joined Messrs. Preece 
and Cardew, consulting engineers, and in 1909 was 
made a partner in the firm, which is now known as 
Messrs. Preece, Cardew and Rider. He was largely 
associated with the firm's lighting, tramwav and railway 
work in this country and abroad, among the electricity 
supply and tramway undertakings upon which he was 
recently engaged being those at Auckland, Dunedin, 
Wellington(N.Z.),Sydney, Brisbane, Singapore, Shanghai, 
Hong-Kong and Buenos Aires. He was of a quiet, 
retiring disposition and never sought notoriety. To 
those who knew him his ripe experience and gentle, 
kindly nature were deeply appreciated. All who were 
brought into contact with him, whether clients, manu- 
facturers or engineers, will regret his death, which 
occurred on the 27th May, 1927. He was elected a 
Member of the Institution in 1911. A. H. P. 
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rails of London Tubes. A. R. Cooper, (p), 390. 
Conductors, spherical, capacity of. A. RUSSELL, (p), 517. 


- 


Dielectric problems in h.t. cables, discussion on. 727. 


Irregularities in continuously loaded cables. A. Rosey, 
(P), 989. 
London Underground Railways’ h.t. cables. A. R. 


COOPER, (p), 405. 


INDEX, 
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CABLES AND CONDUCTORS (continued). 
Network, 60 000-volt, of Union d’Electricité. E. MERCIER, 
(P), 499 ; (D), 488, 505, 681. 
Progress in cables and conductors. 
Sheath loss formula, conflicting. 
903 ; (p), 906, 1012. 
loss in single-core cables. T. N. RILeEy, (P), 1006. 
Submarine cable statistics. W. H. EccrEs, (p), 9. 
Canada, hydro-electric resources of. W. R. Cox, (p), 946. 
CANTELO, H. R. Silica valves. (p), 818. 
Capacities, electrostatic, of two spheres. 
517. 
CARR, J. L. 
Illuminating engineering. 


J. R. BEARD, (p), 343. 
L. C. HuTcuIison, (P), 


A. RUSSELL, (P), 


(D), 770. 


Problems of public lighting. (D), 770. 
Carr, L. H. A. 

Illuminating engineering. (D), 774. 

Problems of public lighting. (D), 774. 
CARTER, F. W. 

Cable-sheath loss formule. (D), 1012. 


Magnetic field of dynamo-electric machine. (D), 278. 
Parasitic losses in d.c. armatures. (P), 1002. 
Premium awarded to. 650. 
Rating of traction motors. (P), 994. 

CARTER, T. 
Capacity of oil circuit-breaker. (p), 926. 


Electricity in warships. (D), 865. 
Cathode-ray oscillograph and B-H curve. 
(p), 988. 
Centenarian, G. OFFOR congratulated on becoming. 691. 
Centres, Local, Council’s report on. 692. 
Certificates and diplomas, national. (See EDUCATION.) 
CHANTER, A. J. Trunking aspect of automatic telephony. 
(D), 218. 


E. W. MARCHANT, 


CHAPMAN, S. Short-wave wireless telegraphy. (p), 639. 
CHATTOCK, R. A. 
Design of city distribution systems. (D), 112. 


Vote of thanks to, for services as President. 90. 
CHISHOLM, R. R. G. Electricity in warships. (D), 868. 
CHURCHER, B. G. Measurement of ratio and phase displace- 
ment of high voltages. (P), 430. 

Circuit-breaker, oil, tests on rupturing capacity of. E. B. 
WEDMORE, W. B. WHITNEY and C. E. R. BRUCE, (P), 
913; (D), 920. 


CLARK, E. V. Design of city distribution systems. (D), 968. 
CLARKE, A. E. 

Illuminating engineering. (D), 769. 

Problems of public lighting. (D), 769. 
CriNTON, W. C. A wireless works laboratory. (D), 898. 


Clocks for driving meter charts. K. EDGCUMBE and F. E. J. 
OCKENDEN, (p), 568. 
CLOTHIER, H. W. 
Capacity of oil circuit-breaker. 
Design of city distribution systems. 
Electricity in mines. (D), 546. 
CroucH, F. H. Stability of large power systems. 
(D), 672. 
Coal. (Also see Fuel and Mines.) 
face, machinery at, discussion on. 6543. 
—— mines, battery locomotives in, discussion on. 
pulverization. J. Rosen, (p), 34. 
used in Switzerland. L. J. KETTLE, (p), 20. 
CockcnRorT, J.D. Magnetic field of dynamo-electric machine. 
(D), 275. 


(D), 921, 925. 
(D), 958. 


(P), 653 ; 


536, 543. 


CoHEN, B. S. A wireless works laboratory. (D), 900. 
Colleges. (See EDUCATION.) 

Collieries. (See Mines.) 

Commission, International Electrotechnical. (See Inter- 


national.) 
Committees, 1926-27, constitution of. 93. 


Committees, list of. 697. 
Communications, electrical. 
Condenser, leakage test on. 
TURNER, (p), 885. 
———, oscillatory discharge of. 
, Series, and electrostatic voltmeter. 
F. E. J. OCKENDEN, (p), 564. 
specification, high-frequency. R. V. HaNsroRD and 
H. FAULKNER, (p), 300. 
, Spherical, electrostatic problem of. 
517. 
, VI curve of. E. W. MARCHANT, (p), 982. 
Conditions, Model, for Contracts, Council's report on. 


W. J. MEDLYN, (P), 48. 
P. R. Coursey, (d), 897; P. K. 


E. W. MARCHANT, (p), 977. 
K. EDGCUMBE and 


A. RUSSELL, (P), 


694. 


Conductors. (See CABLES AND CONDUCTORS.) 
Conference, fourth, on large electric systems. 183, 975. 
CONSTABLE, A. D. Electricity in warships. (Dp), 862. 


Consulting engineers and manufacturers. W. L. WINNING, 


(p), 60. 
Contracting, electrical, and apprenticeship. W. G. HEATH, 
(p), 55. 
Contracts, Model Conditions for, Council’s report on. 694. 
Control gear. (See Switchgear.) 
Conversazione, Annual, 1926, Council’s report on. 693. 


, Annual, 1927, announcement of. 465. 
Convertor. (Also see GENERATORS, ELECTRIC.) 
development. H. M. Savers, (p), 333. 
, rotary-, automatic substation. F. J. LANE, (P), 823. 
, short-circuit test on. G. A. JUHLIN, (d), 426. 
Cook, W. A. Students’ Premium awarded to. 827. 
Cooking, electric, in warships. W. McCLELLAND, (p), 843. 
, electric, progress in. R. B. MATTHEWS, (p), 360. 
Cooper, A. R. 
Paris Premium awarded to. 649. 
Track equipment of London Underground Railways. 
(Pp), 389; (D), 427. 
CooPER, W. F. C. High-power fusible cut-outs. (Dn), 454. 
CooPER, W. R. Address as chairman of Tees-side Sub- 


Centre. 62. 
Coopers Hill War Memorial Prize awarded to W. R. Cox. 
183. 


CORMACK, A. C. Obituary notice. 1017. 
Costs, distribution, analysis of. J. R. BEARD and T. G. N. 
HALDANE, (p), 109. 
Council ballot, scrutincers appointed for. 
for year 1927-28 : result of ballot. 
, nominations for election to. 650. 
, report of, for 1926-27. 690. 
CounsEY, P. R. 
A wireless works laboratory. (D), 897. 
Cooled-anode valves, and valve lives. 
Holweck demountable valve. (Dp), 818. 
Silica valves. (D), 818. 
CounsEY, P. R., and ANDREWES, H. Battery eliminators 
for radio apparatus. (P), 705; (D), 723. 
Cox, W. R. 
Coopers Hill War Memorial Prize awarded to. 183. 
Hydro-electric resources of Empire. (P), 944. 
CRAMP, W. 
Conflicting cable-sheath loss formule. 
Illuminating engineering. (D), 774. 
Magnetic field of dynamo-electric machine. 
Problems of public lighting. (p), 774. 
33 000-volt cables with metal-sheathed cores. (D), 492. 
CRAwTER, F. W. Speaking at Annual General Meeting, 
1927. 1015. | 
CROCKER, E. 
Illuminating engineering. (D), 775. 
Problems of public lighting. (D), 775. 
Crort, E. H. Track equipment of London Underground 
Railways. (p), 423. 


973. 
827. 


(D), 818 


(D), 900. 


(D), 275. 
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Crompton, A. W. Design of city distribution systems. 
(n), 959. 

Current (constant-) networks, Boucherot’s, and wave filters. 

A. C. BARTLETT, (P), 373. 

, high-frequency. E. W. MARCHANT, (P), 977. 

Cut-outs, high-power fusible, discussion on. 448, 782. 


D. 


D’AttTon, P. W. Obituary notice. 1017. 

Davey, E. L. 33 000-volt cables with metal-sheathed cores. 
(D), 485. 

DavipsoN, C. H. Stability of large power systems. 

Davies, H. O. An all-electric house. (D), 549. 

Deaths of members. 691. 

Definitions of illumination units. 
735. 

Denny, C. W. Capacity of oil circuit-breaker. (D), 924. 

Development, electrical, and training. J. RosEN, (P), 34. 

, electrical, present-day. W. H. Ecc tes, (p), 1. 

Diathermy, electric. W. R. Cooper, (p), 64. 

Dickinson, H. Design of city distribution systems. (D), 
265. 

Dielectric. 

, determination of power factor of. 

YOUEL, (p), 986. 

loss at high frequencies. 

problems in h.t. cables, discussion on. 

, theory of. E. W. MARCHANT, (p), 978. 

Dinner, Annual, 1927, announcement of. 183. 

, Annual, 1927, Council's report on. 693. 

, Annual, 1927, proceedings at. 457. 

Dion, A. C. Obituary notice. 1017. 

Diplomas, national. (See EDUCATION.) 

Direction-finding, short-wave. T. L. ECKERSLEY, (p), 604. 

Discussions at meetings. 285. 

Distinctions conferred on members. 691. 

Distribution, power. (See POWER SUPPLY.) 

Dixon, D. 


(D), 664. 


J. W. T. Warsu, (p), 


(Also see Insulating and Insulation.) 
(Appendix.) E. 


E. W. MARCHANT, (p), 980. 
721. 


Illuminating engineering. (Dp), 765. 
Problems of public lighting. (p), 765. 
Dosson, W. Obituary notice. 1018. 


Domestic applications of electricity, progress in. 
MATTHEWS, (P), 358. 

DoNArpsoN, J. M. Elected Vice-President. 827. 

DRANE, H. D. H. 
Cooled-anode valves, and valve lives. 
Holweck demountable valve. (D), 815. 
Silica valves. (np), 815. 

Driver, J. F. Design of city distribution systems. (D), 


(D), 815. 


967. 
DRvspALE, C. V. Alternating-current measuring instru- 
ments. (Dp), 586. 


Duddell Premium. Awarded to T. L. ECKERSLEY. 650. 
Duddells report on pressure-rises on District Railway. 
A. R. Cooper, (p), 409. 
DupnpiNuc, B. P. Cooled-anode valves, 
(D), 816. 
Duncan, W. H. 
(D), 684. 
Dunpas, W. Track equipment of London Underground 
Railways. (D), 425. 
DuNLoP,D. N. Elected Member of Council. 827. 
DvNsHEATH, P. 
Diclectric problems in h.t. cables. (p), 729. 
John Hopkinson Premium awarded to. 619. 
60 000-volt network of Union d'Electricité. (D), 513. 
33 000-volt cables with metal-sheathed cores. (p), 469; 
(D), 495. 
Dynamo. (See GENERATORS, ELECTRIC.) 


and valve lives. 


60 000-volt network of Union d'Electricité. 


R. B. 


E. 


EccrEs, J. Students’ Premium awarded to. 
EccrEss, W. H. 
Address as President. 1. 


827. 


Alternating-current measuring instruments. (D), 590. 
Portrait of. Frontispiece. 

Short-wave wireless telegraphy. (D), 638. 

Speaking at Annual Dinner, 1927. 458. 

Speaking at Annual General Meeting, 1927. 1014. 


Speaking on oil paintings of Faraday and Kelvin. 381. 
Vote of thanks to, for inaugural address. 91. 
EcKERSLEY, P. P. Battery eliminators. (p), 720. 
ECKERSLEY, T. L. 
Duddell Premium awarded to. 650. 
Short-wave wireless telegraphy. (P), 600; (p), 641. 
Economics and electrical industry. J. F. Lister, (p), 25. 
Eddy currents in a.c. instruments. K. EpGCUMBE and 
F. E. J. OCKENDEN, (p), 559. 

Eddy-current loss in armature teeth. F. W. CARTER, (p), 
1000. 

EDGCUMBE, K. Vote of thanks to Mr. Chattock for services 
as president. 90. 

EDGCUMBE, K., and OCKENDEN, F. E. J. 

Alternating-current measuring instruments. 

(D), 596. 
Ayrton Premium awarded to. 


(P), 553; 
649. 


EDUCATION. 


Apprentices, training of. W. G. HEATH, (p), 55. 

Electrical development and training. J. Rosen, (P), 34. 

Examination, Associate Membership. (See Examination.) 

List of colleges, etc., approved for national certincates 

and diplomas. 183, 465, 975. 

National certificates, Council’s report on. 694. 

Training of engineers. J. ROSEN, (p), 37. 

War Thanksgiving Fund, Council's report on. 693. 
Elections. 91, 460, 550, 908, 973, 1013. 


" Electricity and Gas Committee, Council's report on. 694. 


in agriculture. (See Agriculture.) 
in mines, (See Mines.) 
, Whatis? W. M. THORNTON, (P), 674. 
Electrostatic problem of two spheres. A. RUSSELL, (F), 517. 
voltmeters. K. EpGcumBE and F. E. J. OCKENDEN, 
(p), 563. 
Electro-therapeutics. 
Eliminators, battery, for radio apparatus. 
and H. ANDREWES, (P), 705; (D), 716. 
ErLIs, F. A. Design of city distribution systems. 


W. R. Cooper, (p), 64. 
P. R. Coursey 


(D), 9635. 


ErMirT, (Miss) E. E. Electro-farming. (D), 377. 

Erwrir, C. F. Holweck demountable valve. (P), 781; 
(D), 819. 

Engineer, consulting, and manufacturers. W. L. WINNING, 
(p), 60. 
, training of. (See EDUCATION.) 

Engineering, electrical, advancement of. W. J. MEDLYN, 
(P), 281. 
, illuminating. (See Illuminating engineering.) 


Engines, reciprocating, lectures on heat transfer in. 910. 
, winding, for collieries. H. PRYcE-JONES, (P), 379. 
ERLEBACH, W. A. Speaking at Annual General Meeting, 


1927. 1014. 
Escorr, H. Trunking aspect of automatic telephony. (D), 
443. 


EVEREST, A. R. 
Insulating oils, research on.  (»), 686. 
Stability of large power systems. (D), 660. 
EVERSHED, S. Presentation of Faraday portrait. 381. 
Examination, Associate Membership (April 1927), announce- 
ment of. 183. 


INDEX. 


Examination, Association Membership, Council's report on. 
690. 
results, Associate Membership. 
285; (April 1927) 650, 731. 
Exports, electrical. W. H. Eccres, (p) 11; W. W.E. 
FRENCH, (p), 125. 


(October 1926) 183, 


F. 
Fasry, C. Speaking at Annual Dinner, 1927. 459. 
Fahie Premium. Awarded to G. F. O'bELL. 649. 


FAIRHURST, H. H. Salomons Scholarship awarded to. 693. 
Fans, ceiling, testing of. E. HvcuEes and W. G. WHITE, 
(P), 367 ; (p), 648. 

Faraday Lecture, third, Council's report on. 
Lecture, third: What is electricity ? 

TON, (P), 674. 

Medal awarded to ELiHU THOMSON. 285, 464, 691. 

, oil painting of, presentation of. 381, 691. 

Farming. (Also see Agriculture.) 

, electro-, discussion on. 376. 

—— : memorandum on electrical development in rural areas. 
975. 
FAULKNER, H. (D), 

818. 
FAULKNER, H., and HANSFoRD, R. V. 
High-power radio transmitter. (P), 297; (p), 323. 
Wireless Section Premium awarded to. 650. 
FAwssETT, E. Alternating-current measuring instruments. 


692. 
W. M. THORN- 


Cooled-anode valves, and valve lives. 


(D), 593. 

FERGUSON, T. Track equipment of London Underground 
Railways. (D), 424. 

FERRANTI, S. Z. DE. Speaking at Annual Dinner, 1927. 
459. 


Filters, H.T. P. R. CounskEv and H. ANDREWES, (p), 707. 
FLETCHER, J. E. Trunking aspect of automatic telephony. 


(D), 441. 
Flicker in lamps due to voltage irregularity, supplementary 
report on. 383. 


Flux, magnetic. (See Magnetic.) 
ForREsT, F. 
Design of city distribution systems. (p), 119. 


Track equipment of London Underground Railways. 


(D), 422. 
FonRrEscuEe, C. L. Address as chairman of Wireless Section. 
39. 
Fox, R. C. 
Iluminating engineering. (D), 764. 
Problems of public lighting. (np), 764. 


France, power co-ordination in. J. R. BEARD, (p), 341. 
FRENCH, W. W. E. Address as chairman of North Midland 


Centre. 125. 
Frequency, high. (See WIRELESS.) 
Frith, J. Illuminating engineering. (D), 774. 
Frost, P. B. Battery eliminators. (p), 721. 
Fuel. (Also see Coal and Mines.) 


and electric power stations. J. F. LISTER, (p), 23. 

, economical use of. W. W. E. FRENCH, (p), 129. 

Fuse for small currents. L. H. BAINBRIDGE-BELL, (d), 900. 
Fusible cut-outs, high-power, discussion on. 448, 782. 


G. 


GARRARD, C. C. 
Capacity of oil circuit-breaker. (p), 923. 
Design of city distribution systems. (D), 120. 
Electricity in warships. (D), 859, 867. 
Illuminating engineering. (D), 770. 
Problems of public lighting. (D), 776. 


33 000-volt cables with metal-sheathed cores. (p), 494. 
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GARRARD, C. C. (continued). 
Track equipment of London Underground Railways. 
(D), 422. 
Gas and Electricity Committee, Council's report on. 694. 
turbine, development of. W. W. E. FRENCH, (p), 125. 
GASKINS, F. W. Electricity in warships. (p), 866. 
GASTER, L. Illuminating engineering. (D), 763. 
Gay, A. Obituary notice. 1018. 
Gencration, electricity. (See POWER SUPPLY.) 


GENERATORS, ELECTRIC. 


(Also see Machinery.) 
Alternating-current wave windings. 
(»), 228. 
Electrical machinery in warships. 
829. 
High-frequency alternators. C. L. FORTESCUE, (p), 40. 
Hunting of synchronous machinery. KR. LOCHNER, (P), 8]. 
Magnetic field of dynamo-electric machine, discussion on. 
275. 
Parasitic losses in d.c. armatures. 
1002. 
Progress in electrical machinery. H. M. Savers, (P), 327. 
Stability of large power systems. F. H. CLouGu, (P), 
653 ; (n), 659. 
Torsional vibration of shafts. R. LOCHNER, (P), 76. 
Turbo-alternator developments. J. ROSEN, (p), 35. 
Germany, power co-ordination in. J. R. BEARD, (p), 341. 
GiBBINS, J. Design of city distribution systems. (D), 959, 
Gipson, W. Cooled-anode valves, and valve lives. (D), 816. 
Gifts to Institution, Council’s report on. 694. 
GILL, F. Speaking at Annual General Meeting, 1927. 
Goop, P. 
Electrical standardization, 1926. (P), 136. 
Illuminating engineering. (D), 764. 
Problems of public lighting. (n), 764. 
GOSSLING, B. S. 


R. G. JAKEMAN, 


W. MCcCLELLAND, (p), 


F. W. CARTER, (P), 


1014. 


Cooled-anode valves, and valve lives. (D), 814. 
High-power radio transmitter. (p), 318. 
Holweck demountable valve. (D), 814. 
Silica valves. (p), 814. 

GRAHAM, W. J. Obituary notice. 1018. 

GRANT, L. C. 
Capacity of oil circuit-breaker. (D), 927. 
Cooled-anode valves, and valvelives. (n), 819. 
High-power fusible cut-outs. (D), 455, 783. 
Holweck demountable valve. (p), 819. 
Silica valves. (p), 819. 
Stability of large power systems. (D), 665. 


Graphic meters. K. EpGcuMBE and F. E. J. OCKENDEN, 
(p), 566. 
GREGORY, R. W. 
Capacity of oil circuit-breaker. (p), 922. 
60 000-volt network of Union d'Electricité. (D), 488. 
33 000-volt cables with metal-sheathed cores. (D), 488. 
GRINSTED, W. H. Trunking aspect of automatic telephony. 
(D), 216. 
Groves, W. E. Design of city distribution systems. (D), 
120. 
GurLsTAD, K. O. A. Obituary notice. 1018. 
Guy, W. H. Trunking aspect of automatic telephony. 


(D), 443. 
H. 


HackiING, T. Electro-farming. (D), 376. 


Harc, T. H. Design of city distribution systems. (D), 967. 
HALDANE, T. G. N., and BEARD, J. R. 
Design of city distribution systems. (r), 97; (p), 121, 


211, 969. 
Institution Premium awarded to. 649. 
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HA Lt, F. C. 

Illuminating engineering. (D), 775. 
Problems of public lighting. (p), 775. 

HANSFORD, R. V. 

Cooled-anode valves, and valve lives. 
Holweck demountable valve. (n), 812. 
Silica valves. (p), 812. 

HANSFORD, R. V., and FAULKNER, H. 
High-power radio transmitter. (»), 297; (p), 323. 
Wireless Section Premium awarded to. 650. 

Harpy, W. E. Obituary notice. 1019. 

HARLE, J. A. 

Alternating-current measuring instruments. 
Capacity of oil circuit-breaker. (D), 928. 
Stability of large power systems. (D), 666. 

Harris, A. F. Alternating-current measuring instruments. 


(D), 812. 


(D), 593. 


(D), 588. 

HARRISON, H. T. Problems of public lighting. (»), 752; 
(D), 779. 

HaRvEY, G. M. 33000-volt cables with metal-sheathed 
cores. (D), 491. 


HAWKINS, H. 60 000-volt network of Union d'Electricité. 
(D), 682. 
HaAwkiNs, R.C. 
Illuminating engineering. (Dp), 773, 778. 
Problems of public lighting. (D), 773, 778. 
HawortTH, A. N. Battery locomotives for coal mines. (D), 
539. 
Heat transfer in reciprocating engines, lectures on. 910. 
HEATH, W. G. Address as chairman of Western Centre. 53. 
 HEATHCOTE, A. Trunking aspect of automatic telephony. 
(D), 443. 
Heating. (Also see Temperature-rise.) 
Heating, electric, in warships. W. McCLELLAND, (p), 843. 
of traction motors. F. W. CARTER, (p), 996. 
tests on cables with metal-sheathed cores. 
SHEATH, (p), 474. 
Heaviside layer. T. L. ECKERSLEY, (p), 625; C. L. For- 
TESCUE, (p), 43; L. B. TuRNER, (p), 133. 
HENDERSON, J. High-power fusible cut-outs. 
HERBERT, T. E. 
Battery locomotives for coal mines. (D), 539. 
60 000-volt network of Union d'Electricité. (p), 684. 
Trunking aspect of automatic telephony. (p), 440. 
HIGHFIELD, J. S. 60 000-volt network of Union d'Electricité. 
(D), 506. 
HIGHFIELD, W. E. 


P. Dun- 


(D), 783. 


Progress in industrial applications of electricity. (P), 351. 
Stability of large power systems. (D), 661. 
Hocc, P. M. High-power fusible cut-outs. (D), 450. 
HOLLANDER, J. M. 33 000-volt cables with metal-sheathed 
cores. (D), 489. 
HOLLINGWORTH, J. Short-wave wireless telegraphy. (D), 
639. 
Holweck demountable valve. C. F. ELWELL, (P), 784; (D), 
812. 


Honours conferred on members. 691. 
Hopkinson (John) Premium. Awarded to P. DUNSHEATH. 
6 


HonsLEv, W. D. Stability of large power systems. (D), 664. 

HosEAsoN, D. B. Battery locomotives for coal mines. 
(D), 536. 

HoucGHTON, T. E. High-power fusible cut-outs. 

House, all-electric, discussion on. 548. 

Houses, electric. R. B. MATTHEWS, (p), 359. 

Howarth, O. 

Design of city distribution systems. (D), 260. 
Stability of large power systems. (D), 670. 
H.R.H. THE PRINCE OF WALES, Speaking at Annual Dinner, 

1927. 4958. 


(D), 450. 


HucnEs, A. A. Design of city distribution systems. (D), 
960. 
Hughes (David) Scholarships, award of : 
1926. MILDNER, R.C. 693. 
1926. MILNER, W. S. 693. 
HvuGHES, E. Magnetic testing of ring specimens. (P), 932. 
HuGHES, E., and WHITE, W. G. Testing of ceiling fans. 
(P), 367 ; (D), 649. 
HuGuEs, H. G. 
Cooled-anode valves, and valve lives. 
Holweck demountable valve. (D), 817. 
HuaGues, H. G., Morris-AIREY, H., and SHEARING, G. 
Silica valves. (r), 786; (p), 820. 


(D), 817. 


HuNTER, G. R. Electro-farming. (D), 376. 
HUNTER, P. V. 
Elected Member of Council. 827. 


60 000-volt network of Union d'Electricité. (D), 505. 
Hunting of synchronous machinery. KR. LOCHNER, (P), 81. 
HurcuisoN, L. C. Conflicting cable-sheath loss formule 

(P), 903. 
Hydro-electric power. (See Water-power.) 
Hysteresis in a.c. instruments. K. EpccuMBE and F. E. J. 
OCKENDEN, (p), 559. 
loss in ring specimens. 


E. HuGHES, (p), 936. 


Illuminating engineering. J. W.T. WarsH, (P), 733; (D), 761. 

Illumination. (Also see Lamps and Lighting.) 

, electrical, progress in. J. W. T. WaLsu, (P), 352. 

Impedance of continuously loaded cable. A. ROSEN, (p) 
989. 

Imports, electrical. W. H. EccrrEs, (p), 18; 
FRENCH, (p), 125. 

India, hydro-electric resources of. W. R. Cox, (p), 953. 

Industrial applications of electricity, progress in. W. E. 

HiGHFIELD, (P), 351. 

efficiency. G. H. NELSON, (p), 72. 

Industry. (Also see Manufactures.) 

, electrical, and economics. J. F. LISTER, (p), 25. 

, electricity and. W. H. Eccrzs, (p), ò. 

Informal Meetings. (See Meetings.) 

Institution Building, Council's report on. 691. 

Notes. 93, 183, 285, 383, 465, 551, 649, 731, 827, 910, 

975, 1016. 

, organization of. 697. 

——— Premium. Awarded to J. R. Bearn and T. G. N. 

HALDANE, 649. 

representatives on other bodies. 94, 696. 

, the, members and. G. H. NELSON, (p), 72. 

Instruments. (Also see Apparatus.) 

, a.c. measuring. K. Epccumpe and F. E. J. 

OCKENDEN, (P), 553; (p), 586. 

, electrical, in warships. W. McCrELLAND, (p), 850. 

, electrical, industry. W. H. EccrEs, (p), 11. 

in wireless works laboratory. P. K. TURNER, (p). 853. 

, Special, on London Tubes. A. R. CooPER, (p), 406. 

Insulated returns for traction current. S.C. BARTHOLOMEW, 
(d), 420; A. R. Cooper, (p), 390. 

Insulating materials in warships. W. McCrELLAND, (p), 816. 

oils, research on. A. R. EVEREST, (P), 686. 

properties of whitewood. C. L. FoRTESCUE, (p), 42. 

Insulation. (Also see Dielectric.) 

of lines, progress in. J. R. BEARD, (p), 343. 

of measuring instruments. K. Epccumse and F. E. J. 

OCKENDEN, (p), 556. 


WWE 


Insulators on London Underground Railways. A. R. 
CooPER, (p), 400. 
Interconnection, co-ordinative progress in. J. R. BEARD, 


(p), 340. 
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International Conference on large electric systems. (See 
Conference.) 

Congress of Physics, proceedings of. 
— Electrotechnical Commission, 1926. 
Electrotechnical Commission : New York meeting. 
Ireland, electricity supply in. L. J. KETTLE, (»), 20. 
Iron, magnetization of. (See Magnetic and Magnetization.) 
, Moving-, ammeters and voltmeters. KK. EDGCUMBE 
and F. E. J. OCKENDEN, (p), 556. 

Italy, power co-ordination in. J. R. BEARD, (p), 341. 


828. 
P. Goop, (p), 140. 
693. 


J. 
Jackson, Admiral Sir Henry B.  Short-wave wireless 
telegraphy. (pb), 638. 
Jackson, S. B. 
Electricity in warships. (n), 863. 


Students’ Premium awarded to. 827. 
JAKEMAN, R. G. 


Alternating-current wave windings. (P), 228. 
Electricity in warships. (D), 860. 
JEFFERY, W. J. 33 000-volt cables with metal-sheathed 
cores. (D), 486. 
JENKINS, D. Design of city distribution systems. (D), 967. 
JockEL, L.M. Design of city distribution systems. (D), 966. 


Joint box for 60 000-volt single cables. E. MERCIER, (p), 502. 


Jointing of cables with metal-sheathed cores. P. Dux- 
SHEATH, (p), 478. 
jorrev, L. B. W. 
Illuminating engineering. (p), 767. 
Problems of public lighting. (D), 767. 
Jones, W. J. Illuminating engineering. (D), 763. 
Joser, H. Design of city distribution systems. (D), 118. 
Journal, back numbers of. 285. 
, Council’s report on. 694. 


JUHLIN, G. A. 
Stability of large power systems. (D), 669. 
Track equipment of London Underground Railways. 
(D), 426. 


K. 


Stability of large power systems. (D), 667. 
Testing of ceiling fans. (p), 648. 

E. W. MARCHANT, (P), 977. 

381, 69]. 

619. 


KAHN, M. 
Kapp, R. O. 
Kelvin Lecture, eighteenth. 
, Oil painting of, in lecture theatre. 
Premium. Awarded to J. W. T. WALSH. 
KEMNAL, Sir JAMES. Obituary notice. 1019. 
KETTLE, L. J. Address as chairman of Irish Centre. 20. 
Kipp, W. 
Design of city distribution systems. (D), 263. 
Stability of large power systems. (D), 671. 
KIRKE, H. L. 
Cooled-anode valves, and valve lives. 
Silica valves. (D), 815. 


(D), 815. 


L. 


Laboratory, a wireless works. P. K. TURNER, (P), 881 ; (D), 
896. 
Labour and apprentices. W. G. HEATH, (p), 55. 
co-partnership in industry. J. F. LISTER, (p), 27. 
Lams, H. C. 60 000-volt network of Union d Electricité. 
(D), 683. 
LAMBOURN, W. C. 
Design of city distribution systems. 
Electricity in warships. (D), 865. 
Lamps. (Also see Illumination and Lighting.) 
, electric, for street lighting. H. T. Harrison, (p), 752. 
—, flicker in, due to voltage irregularity, supplementary 
report on. 383. 
—, progress in. R. B. MATTHEWS, (p), 360. 


(D), 960. 


Lamps, shock-testing apparatus for. W. MCCLELLAND, (p), 839. 
, Street, polar curves of. J. L. Carr, (d), 770. 
Lane, F. J. HRotary-convertor automatic substation. (P), 
823. 
Lanyon, G. W. Salomons Scholarship awarded to. 693. 
LAUPER, F. A. Starting of single-phase induction motors. 
(P), 160. 
Lea, N. Battery eliminators. (Dp), 717. 
Lecture, Faraday. (See Faraday.) 
, Kelvin. (See Kelvin.) 
—— theatre, oil paintings of Faraday and Kelvin in. 
691. 
Lectures on heat transfer in reciprocating engines. 910. 
LEE, A. G. 
High-power radio transmitter. 
Short-wave wireless telegraphy. 
Lerroy, H. P. T. Battery eliminators. 
LEIGH, F. A. CORTEZ. 
Elected Hon. Treasurer. 827. 
Speaking at Annual General Mecting, 1927. 
LiBERTY, W. J. Problems of public lighting. 


381, 


(D), 321. 
(D), 638. 
(D), 716. 


1015. 
(D), 765. 


Library, Council's report on. 694. 
, donors to. 1014. 
——, Lending, accessions to. 184, 1016. 


——, Reference, accessions to. 387, 467, 652, 910 
, Science, South Kensington. 465, 976. 
Light, ultra-violet. R. B. MATTHEWS, (p), 357. 
Lighting. (Also see Illumination and Lamps.) 
, developments in. J. W.T. WarsH, (p), 352. 
in warships. W. McCLELLAND, (p), 839. 
—— —, public, problems of. H. T. Harrison, (P), 752; (D), 
161. 
Lightning, line trouble due to. J. R. BEARD, (p), 344. 
LILJEBLAD, R. Dielectric problems in h.t. cables. (p), 727. 
Lipman, C. L. Alternating-current measuring instruments. 
(D), 588. 
Lisle, G. S. Design of city distribution systems. (D), 961. 
LisrER, J. F. Address as chairman of South Midland 
Centre. 25. 
Liverpool, electricity supply in. P. J. RoBiNsox, (P), 29. 
Load curves, domestic. H. A. Rarcrirr, (d), 259. 
densities, future. J. R. BEARD and T. G. N. HALDANE, 
(p), 98. 
Local Centres. 
LOCHNER, R. 
Hunting of synchronous machinery. 
Torsional vibration of shafts. (P), 76. 
Lockwoop, T. D. Obituary notice. 1019. 
Locomotives, electric. (5ee TRACTION, ELECTRIC.) 
LoNGMAN, R. M. 
Capacity of oil circuit-breaker. (p), 929. 
Design of city distribution systems. (D), 962. 
High-power fusible cut-outs. (D), 454. 
LoNcMonE, F. W. Trunking aspect of automatic telephony. 
(D), 445. 
Losses, cable-sheath. E. MERCIER, (p), 502. 
, cable-sheath, conflicting formula for. 
SON, (P), 903; (p), 906, 1012. 
, dielectric, at high frequencies. 


(See Centres.) 


(P), 81. 


L. C. Hvrcur- 


E. W. MARCHANT, (p), 


980. 

, eddy-current, in armature teeth. F. W. CARTER, (p), 
1000. 

in cables with metal-shcathed cores. P. DUNSHEATH, 
(p), 471. 


F. W. CARTER, (»), 1002. 


, parasitic, in d.c. armatures. 
, sheath, in single-core cables. T. N. HirEv, (P), 1006. 
LovELL, A. J. Design of city distribution systems. (D), 264. 
Lovett, W. D. High-power fusible cut-outs. (D), 453. 
Lowey, S. Problems of public lighting. (D), 778. 

LYDALL, F. Electric traction, progress in. (P), 143. 
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M. 
MaccaLL, W. T. Stability of large power systems. 
McCLELLAND, W. 
Applications of electricity in warships. 
Webber Premium awarded to. 650. 
MacGREGOoR-Monnis, J. T. Alternating-current measuring 
instruments. (D), 587. 
Machinery. (Also see GENERATORS, ELECTRIC, and Motors, 
ELECTRIC.) 
—— at coal face, discussion on. 543. 
, electrical, in warships. W. McCrELLAND, (p), 836. 
, electrical, progress in. H. M. Sayers, (P), 327. 
shafts, torsional vibration of. KR. LOCHNER, (P), 76. 
, synchronous, hunting of. R. LOCHNER, (P), 81. 
McINNES, H. A. Obituary notice. 1020. 
McKiNNoN, E. C. 
Battery locomotives for coal mines. 
Electricity in warships. (Dp), 860. 
McKinstry, A. Design of city distribution systems. (D), 


(D), 666. 


(P), 829; (D), 869. 


(D), 536. 


264. 
MACLEAN, M. Vote of thanks to Dr. Eccles for presidential 
address. 91. 


MACLEopD, D. M. 
Design of city distribution systems. (D), 270. 
High-power fusible cut-outs. (n), 782. 

MacMaHoN, R. A. Track equipment of London Under- 
ground Railways. (D), 418. 

McPuEnsoN, W. L. A wireless works laboratory. 
Magnetic density in instrument iron. 
F. E. J. OCKENDEN, (p), 557. 

field of dynamo-electric machine, discussion on. 275. 
testing of ring specimens. E. HucnuEs, (r), 932. 
Magnetization at high-frequencies. E. W. MARCHANT, (p), 


(D), 900. 
K. EpGCUMBE and 


983. 
curve and cathode-ray oscillograph. E. W. MARCHANT, 
(p), 988. 
MALLINSON, A. B. Battery locomotives for coal mines. 
(D), 537. 
MarPas, A. E. Illuminating engineering. (D), 778. 
MANN, F. H. 
Electricity in warships. (D), 869. 
Illuminating engineering. (p), 776. 
Mann, R. W. Electricity in mines. (p), 545. 


Manufacturers and quantity production. 
(p), 59. 

Manufactures. (Also see Industry.) 

, electric, and exports. W.W. E. FRENCH, (p), 129. 

MARCHANT, E. W. 


W. L. WINNING, 


Design of city distribution systems. (p), 207. 
High-frequency currents, (P), 977. 
High-power fusible cut-outs. (n), 448. 

Vote of thanks to, for Kelvin Lecture. 974. 


Marconi, G. Elected Honorary Member. 91, 93, 690. 

Marine. (Also see Ships.) 

—— applications of electricity, progress in. 
(p), 335. 

MARRYAT, H. Elected Member of Council. 827. 

MARSHALL, C. W. 


H. M. SAYERS, 


Alternating-current measuring instruments. (Dp), 590. 
Design of city distribution systems. (D), 268. 
Mascart Medal awarded to Sir J. J. THowsoN. 691. 


Mason, J. A. Trunking aspect of automatic telephony. 
(D), 219. 
Matter and electricity. 
MATTHEWS, R. B. 
Design of city distribution systems. 
Electro-farming. (D), 377. 
p in agricultural applications of electricity. (P), 
356. 
Progress in domestic applications of electricity. 


W. M. THORNTON, (p), 674. 


(D), 115. 


(P), 358. 


Mavor, S. Applications of machinery at coal face. (D), 
546. 

MAXWELL, K. G. Track equipment of London Underground 
Railways. (p), 426. 


Measurement of illumination. J. W. T. WALSH, (p), 355, 737. 
of ratio and phase displacement of high voltages. B.G. 
CHURCHER, (P), 430. 
of telephone traffic. G. F. O’DELL, (p), 208. 
, phase. K. EDGCUMBE and F. E. J. OCKENDEN, (p), 574. 
Measurements in wireless works laboratory. P. K. TURNER, 
(p), 881. 
, radio-frequency, accuracy of. C.L. FORTESCUE, (p), 46. 
Measuring instruments. (See Instruments.) 
Medal, Coopers Hill War Memorial, awarded to W. R. Cox. 
183. 
———, Faraday, awarded to ELIHU THOMSON. 
, Mascart, awarded to Sir J. J. THOMSON. 
MEDLYN, W. J. 
Address as chairman of North-Western Centre. 48. 
Address to North-Western Students’ Section. 28]. 
Speaking at Annual General Meeting, 1927. 1015. 
Meeting, Annual General, 1927, proceedings of. 1013. 


285, 464, 691. 
691. 


, Summer, 1927, announcement of. 383. 
Meetings, discussions at. 285. 
— — held, list of. 691, 696. 
— —, Informal, Council's report on. 692. 
—-—, Informal, proceedings of. 285, 651. 
— —, Summer, Council's report on. 693. 


, Wireless Section. (See WIRELESS.) 

MELLING, C. T. Design of current transformers. (P), 283. 

MELLONIE, S. R. Track equipment of London Underground 
Railways. (D), 427. 

MELsoM, S. W. 33000-volt cables with metal-sheathed 
cores. (D), 480. 

Member, Honorary, G. Marcon! elected. 91, 93, 690. 


Members, deceased, list of. 691. 
, honours conferred on. 691. 
— —-, new list of. 910, 976. 


, retired, subscriptions of. 93, 695. 

Membership of Institution. 690, 696. 

MERCIER, E. 60000-volt network of Union d' Electricité. 
(P), 499; (D), 515, 685. 

Merz, C.H. Stability of large power systems. 

Meters. (Also see Instruments.) 

, telephone traffic. G. F. O'DELL, (p), 211. 

MipcLEY, H. Design of city distribution systems. 

MILBURN, T. Electro-farming. (D), 376. 

MILDNER, R. C. David Hughes Scholarship awarded to. 
693. 

MILLER, L. Battery locomotives for coal mines. 
547. 

MILNER, W.S. David Hughes Scholarship awarded to. 693. 

Mines, coal, battery locomotives for, discussion on. 536. 913 

—- —, coal, winding engines for. H. Pryce-Jones, (P), 379. 

— —, electricity in, discussion on. 543. 

— —, machinery at coal face in, discussion on. 513. 

MITCHELL, R. B. Design of city distribution systems. (D), 
269. 

Model Conditions for Contracts, Council's report on. 694. 

Morp, L. E. Design of city distribution systems. (D), 960. 

Moore, W. Design of city distribution systems. (D), 960. 

MonRis-AiREY, H. Obituary notice. 1020. 

Morris-AIREY, H., SHEARING, G., and Huaues, H. G. 
Silica valves. (P), 786; (p), 820. 

Morton, C. A. llluminating engineering. (D), 767. 

Mortox, J. Track equipment of London Underground 
Railways. (p), 422. 

Morton, J. A. 

Design of city distribution systems. (D), 267. 
High-power fusible cut-outs. (D), 449. 


(p), 659. 


(p), 268. 


(p), 539, 
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Moss, E. W. Speaking at Annual General Meeting, 1927. 
1015. 


Motors, ELECTRIC. 


(Also see Machinery.) 

Agricultural motors. R. B. MATTHEWS, (p), 356. 

Alternating-current wave windings. R. G. JAKEMAN, 
(P), 228. 

Electric motors in warships. W. McCLELLAND, (p), 837. 

Hunting of synchronous machinery. R. LocHNER, (P), 81. 

Parasitic losses in d.c. armatures. F. W. CARTER, (P), 
1002. 

Progress in electrical machinery. H. M. SAYERS, (P), 327. 


Rating and service capacity of traction motors. F. W. 
CARTER, (P), 994. 
Starting of single-phase induction motors. F. A. LAUPER, 


(P), 160. 
Synchronous motor for graphic meters. 
and F. E. J. OCKENDEN, (p), 569. 
Torsional vibration of shafts. KR. LOCHNER, (P), 76. 
Mourp, J. Design of city distribution systems. (D), 964. 
MoUurLrLIN, E. B. 
A wireless works laboratory. 
High-power radio transmitter. 
MULLARD, S. R. 
Cooled-anode valves, and valve lives. 
Holweck demountable valve. (n), 814. 
Silica valves. (n), 814. 


K. EDGCUMBE 


(D), 898. 
(D), 321. 


(n), 814. 


N. 


NALDER, F. H. Alternating-current measuring instruments. 
(D), 587. 
NasH, G. H. 
60 000-volt network of Union d'Electricité. 
Trunking aspect of automatic telephony. 
Nationalcertificates. (See EDUCATION.) 
Navy, applications of electricity in. W. McCLELLAND, (P), 


(D), 514. 
(D), 220. 


829 ; (D), 859. 

NErLsoN, G. H. Address as chairman of Sheffield Sub-Centre. 
70. 

NELSON, R. Electricity in mines. (D), 547. 

NELsoN, W. M. Obituary notice. 1021. 


Networks, Boucherot's constant-current. A. C. BARTLETT, 

(e), 373. 

, power supply. (See POWER SUPPLY 

, repeated, theory of. A.C. BARTLETT, (P), 223. 

New,C.G.M. Design of city distribution systems. (D), 967. 

New Zealand, hydro-electric resources of. W. R. Cox, (p), 
949. 

Newfoundland, hydro-electric resources of. 
949. 

Notes, Institution. 


W. R. Cox, (p), 


(See Institution Notes.) 


O. 


Oakes, G. A. Problems of public lighting. 
Obituary notices. 1017. 
OcKENDEN, F. E. J., and EpGCUMBE, K. 
Alternating-current measuring instruments. (P), 
(D), 596. 
Ayrton Premium awarded to. 649. 
O'DELL, G. F. 
Fahie Premium awarded to. 649. 
Trunking aspect of automatic telephony. 
221, 446. 
Orron, G. Congratulated on attaining 100th birthday. 691. 
Oil circuit-breaker, rupturing capacity of. E. B. WEDMORE, 
W. B. Wuitney and C. E. R. Bruce, (P), 913; (n), 920. 
Oils, insulating, research on. A. R. EVEREST, (P), 686. 


y To. 


(P), 185; (D), 


Oscillograph, cathode-ray, and B-H curve. E. W. Mar- 
CHANT, (p), 988. 
Overhead lines. (Also see POWER SUPPLY.) 


lines, progress in. J. R. BEARD, (p), 343. 


P. 
PAGE, A. 
Design of city distribution systems. 
Elected President. 827. 
Painting, oil, of Mr. Atkinson for Council room. 691. 
Paintings, oil, of Faraday and Kelvin in lecture theatre. 
381, 691. 
PALMER, J.B. Design of city distribution systems. (D), 264. 
Parasitic losses in d.c. armatures. F. W. CARTER, (P), 1002. 
Paris Premium. Awarded to A. R. Cooper. 649. 
Parry, H. Alternating-current measuring instruments. 
(n), 594. 
Parry, J. L. Trunking aspect of automatic telephony. 
(D), 440. 
PARTRIDGE, G. W. Capacity of oil circuit-breaker. 
Patents, number of. W. H. EccrEs, (p), 11. 
PATERSON, C. C. 
Illuminating engineering. 
Problems of public lighting. 
Pavr, R. W. 
Alternating-current measuring instruments. 
Speaking at Annual General Meeting, 1927. 
PEATTIE, J. D. Stability of large power systems. 
Peck, J. S. Design of city distribution systems. 
PENNINGTON, W. Obituary notice. 1021. 
Phase displacement of high voltages, measurement of. B.G. 
CHURCHER, (P), 430. 
measurement, method of. 
OCKENDEN, (p), 574. 
PuiLLIPs, L. W. Speaking at Annual General Meeting, 1927. 


(D), 116. 


(D), 920. 


(D), 761. 
(D), 761. 


(n), 588. 
1015. 

(D), 671. 
(n), 261. 


K. EpGcUMBE and F. E. J. 


1015. 

PurLLiPSs, W. Alternating-current measuring instruments. 
(D), 589. 

Photometers. J. W.T. WALSH, (p), 737. 


Physics, International Congress of, proceedings of. 828. 
PickEN, W. J. Cooled-anode valves, and valve lives. (P), 


791; (p), 820. 

PICKERSGILL, A. Design of city distribution systems. (D), 
964. 

Plant, electric. (See Machinery, also GENERATORS and 
MOTORS.) 


R. B. MATTHEWS, (p), 357. 

Polarization of dielectrics. E. W. MARCHANT, (p), 978. 
Portrait of Mr. Atkinson for Council room. 691. 

Portraits of Faraday and Kelvin in lecture theatre. 381. 
Potential dividers, testing of. B. G. CHURCHER, (p), 438. 
Power factor correctors, progress in. H. M. SAYERS, (p), 334. 
factor of dielectric. (Appendix. E. YouEL, (p), 986. 


Ploughing, electric. 


POWER SUPPLY. 
Applications of electricity. W. H. Eccrrs, (p, 5; G. H. 
NELSON, (p), 70; S. P. Situ, (P), 351; W. H. T. SWIRE, 


(p), 74. 
Cables. (See CABLES AND CONDUCTORS.) 
Centralization of power production. J. F. LISTER, (p), 26. 
Design of city distribution systems. J. R. BEARD and 
T. G. N. HALDANE, (P), 97; (D), 112, 259, 957. 
Domestic applications. W. G. HEATH, (p), 53. 
Efficiencies of a.c. and d.c. transmission. W. W. E. 
FRENCH, (p), 127. 
Electricity supply in Ireland. L. J. KETTLE, (P), 20. 
supply in Liverpool. P. J. RoBiNsoN, (P), 29. 
supply statistics. W. H. ECCLES, (p), 2. 
Fourth Conference on large electric systems. 


183, 975. 
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POWER SUPPLY (continued). 

Gas and Electricity Committee. 694. 

Generation, electricity. W. W. E. FRENCH, (p), 125. 

High-frequency surges. E. W. MARCHANT, (p), 984. 

Hydro-electric resources of Empire. W. R. Cox, (P), 

944. 
Network, 60 000-volt, of Union d’Electricité. 
(D), 488, 505, 681. 

Power supply and electric traction. F. LYpDALL, (p), 146. 
supply in warships. W. McCLELLAND, (p), 833. 
supply problems. J. ROSEN, (p), 35. 

Progress in power supply. W. R. Cooper, (p) 62; 
W. W. E. FRENCH, (p), 125. 
in transmission and distribution. 
(P), 338. 
Radio apparatus and electric supply mains. 
CounsEv and H. ANDREWES, (P), 705; (D), 716. 
Rotary-convertor automatic substation. F. J. LANE, (P), 
823. 
Rural areas, memorandum on electrical development in. 
975. 
Stability of large power systems. 
653 ; (p), 659. 

Switchgear. (See Switches.) 

Tariffs. (See Tariffs.) 

Transformers. (See Transformers.) 

Voltage standardization, Council's report on. 695. 

Warships, electrical applications in. W. MCCLELLAND, 

(P), 829; (D), 859. 

Water-power. (See Water-power.) 

Pratt, A. J. Trunking aspect of automatic telephony. 
(D), 441. 
PREECE, G.G. L. 
(D), 682. 
Premiums and scholarships for 1925-26, presentation of. 90. 
, award of, for 1926-27. 649, 827. 

Pnzscorr, J.C. 


(P), 499; 


J. R. Bearp, 


P. R. 


F. H. Croucu, (P), 


60 000-volt network of Union d'Electricité. 


High-power fusible cut-outs. (D), 450. 
Illuminating engineering. (D), 777. 
Problems of public lighting. (D), 777. 


Pressure, electric. (See Voltage.) 

Pressure-rises. (Also see Surges.) 

on District Railway. A. R. Cooper, (p), 409. 

on Paris Metropolitan Railway. R. A. MacManon, 

(d), 418. 

PRINCE OF WALES, H.R.H. THE. 
1927. 458. 

Prize, Coopers Hill War Memorial, awarded to W. R. Cox. 
183. 

Proceedings of the Institution. 

1013. 

of Wireless Section. (See WIRELESS.) 

Profit-sharing. J. F. LISTER, (p), 27. 

Progress in a.c. measuring instruments. K. EDGCUMBE and 
F. E. J. OCKENDEN, (r), 553 ; (D), 586. 


Speaking at Annual Dinner, 


90, 381, 460, 549, 908, 973, 


PROGRESS REVIEWS. 


Agricultural applications of electricity. R. B. MATTHEWS, 
(P), 356. 

Co-operative research. ŒE. B. WEDMORE, (P), 365. 

Council's report on. 692. 

Domestic applications of electricity. 
(P), 358. 

Electric traction. F. LvDALL, (P), 143. 

Electrical plant and machinery, including marine applica- 
tions. H. M. SAYERS, (P), 327. 

Electrical standarization, 1926. P. Goop, (P), 137. 

Electricity supply tariffs. J. W. BEAUCHAMP, (P), 361. 

Illumination, application of electricity to. J. W. T. 
WALSH, (P), 352. 


R. B. MATTHEWS, 


PROGRESS REVIEWS (continued). 
Industrial applications of electricity. W. E. HIGHFIELD, 
(P), 351. 
Radio-telegraphy and radio-telephony. L. B. TURNER, 
(P), 131, 383. 
Transmission and distribution. J. R. BEARD, (P), 338. 
Propulsion, electric, of ships. W. MCCLELLAND, (p) 854; 
H. M. Sayers, (p), 335; C. C. Sutron, (d), 867. 
Protection of conductor rails. A. R. Cooper, (p), 395. 
of instrument transformers. K. EbpGCUMBE anc F. E. J- 
OCKENDEN, (p), 578. 
of lines against lightning. J. R. BEARD, (p), 344. 
PRYCE-JONES, H. Winding engines for collieries. (P), 379. 
Public service, spirit of. W. J. MEDLYN, (P), 48. 
Purse, F. W. Speaking at Annual General Meeting, 1927 
1014. 


R. 


Radiation, electrical. W. M. THORNTON, (p), 674. 
Radio-telegraphy and radio-telephony. (See WIRELESS.) 


Railway. (See TRACTION, ELECTRIC.) 

RAPHAEL, F. C. 33 000-volt cables with metal-sheathed 
cores. (D), 482. 

RatcuirF, H. A. Design of city distribution systems. (D). 
259. 


Rating of oil circuit-breaker. E. B. WrEpMoRE, W. B. 

WHITNEY and C. E. R. Bruce, (P), 913; (p), 920. 

of traction motors. F. W. CARTER, (P), 994. 

RaAwLiNcGs, W. R. Speaking at Annual General Mectirg, 
1927. 1015. 

RAWLL, R. H. 

Design of city distribution svstems. (D), 120. 
Track equipment of London Underground Railwavs. 

(D), 424. 

Ray, F. I. Students’ Premium awarded to. 827. 

Ray, S. N. Students’ Premium awarded to. 827. 

Rayleigh disc, calibration and performance of. E. J. BARNES 
and W. West, (P), 871. 

RAYNER, D. D. Design of city distribution systems. (D), 
966. 

Reactance and large power systems. 

Rectified current, measurement of. K. 
F. E. J. OCKENDEN, (p), 562. 

Rectifiers. P. R. Coursey and H. ANDREWES, (p), 712; 
H. M. Sayers, (p), 333. 

Refrigerators, electric. W. R. Cooper, (p) 65; W. E. 
HIGHFIELD, (p), 352; R. B. MATTHEWS, (p). 361. 

REGNAULD, A. Electricity in warships. (D), 861. 

Regulations, Electricity, Council's report on. 695. 

, Wiring, Council's report on. 644. 

, Wiring: publication of 9th edition. 649. 

Relay graphic meters. IX. EpGcuMBE and F. E. J. OCKEN- 
DEN, (p), 567. 

Repeated networks, theory of. A.C. BARTLETT, (P), 223. 

Report of Council for 1926-27. 690. 

Representatives of Institution on other bodies. 94, 696. 

Research, co-operative, progress in. E. B. WEDMORE, (Pj, 
365. 


F. H. Crovcu, (p), 654. 
EDGCUMBE and 


Fund, War Thanksgiving, Council's report on. 63. 
on insulating oils. A. R. EVEREST, (P), 686. 
, position of. W. H. Eccres, (p), 12. 
Reviews of Progress. (See PROGRESS REVIEWS.) 
REYNER, J. H. 
A wireless works laboratory. (D), 899. 
Battery eliminators. (D), 719. 
HRickETS, W. J. Electricity in warships. (D), 861. 
RILEY, T. N. 
Sheath losses in single-core cables. (P), 1006. 
60 000-volt network of Union d'Electricité. (D), 511. 
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RiLEY, T. N. (continued). 


33 000-volt cables with metal-sheathed cores. (p), 480, 
490. | 

ROBERTSON, A. P. Design of city distribution systems. 
(D), 270. 


RoBiNSON, P. J. Address as chairman of Mersey and North 
Wales Centre. 29. 


Rocers, G. Design of city distribution systems. (D), 119. 
ROGERSON, W. M. Obituary notice. 1021. 
ROMERO, L. 

Design of city distribution systems. (D), 261. 

60 000-volt network of Union d'Electricité. (Dp), 683. 
Roseg, G. S. Battery locomotives for coal mines. (p), 538. 
ROSEN, A. 

Irregularities in continuously loaded cables. (P), 989. 


Premium awarded to. 650. 
ROSEN, J. 


Address as chairman of North-Eastern Centre. 34. 


Speaking at Annual General Meeting, 1927. 1015. 
ROsSHER, N. B. Electricity in warships. (D), 866. 
Ross, F. A. Electricity in warships. (D), 863. 
Ross, T. W. Stability of large power systems. (D), 671. 


Rotary-convertor automatic substation. F. J. LANE, (P), 823. 

Rural areas, memorandum on electrical developmentin. 975. 

HRvsuHTON, A. 33 000-volt cables with metal-sheathed cores. 
(D), 482. 

RussELL, A. Electrostatic problem of two conducting 
spheres. (P), 517. 


RussELL, S. A. Obituary notice. 1022. 


S. 


Sack, T. J. Problems of public lighting. 
Salomons Scholarships, award of : 


(D), 766. 


1926. H. H. FAiRHURST. 693. 
1926. G. W. Lanyon. 693. 
SALTER, G. Obituary notice. 1022. 
SAvERS, H. M. Progress in electrical plant and machinery. 
(P), 327. 
Scales, instrument. K. EpGcuMBE and F. E. J. OCKENDEN, 
(p), 954. 


Scholarships for 1925-26, presentation of. 90. 
for 1926-27, award of. 693. 
Science Abstracts. (See Abstracts, Science.) 
Science Library, South Kensington. 465, 976. 
Scott, A. T. Capacity of oil circuit-breaker. 
Scorr, T. R. 
(D), 486. 
Scorr, W. H. Electricity in warships. 
ScROGGIE, M. G. 
A wireless works laboratory. 
Battery eliminators. (Dp), 720. 
Performance of intermediate-frequency amplifier. (P), 
644. 
Scrutineers appointed for Council ballot. 973. 
Searchlights on warships. W. McCLELLAND, (p), 842. 
SEDDON, E. High-power fusible cut-outs. (D), 783. 
Service, public, spirit of. W. J. MEDLYN, (P), 48. 
Siafts, torsional vibration of. KR. LOCHNER, (P), 76. 
SHARP, E. E. Alternating-current measuring instruments: 
(D), 596. 
SHAUGHNESSY, E. H. 
Speaking at Annual General Meeting, 1927. 1015. 
Vote of thanks to Dr. Eccles for presidential address. 90. 
SHEARING, G. 
Cooled-anode valves, and valve lives. (Dp), 818. 
Design of high-power transmitter. (D), 317. 
Holweck demountable valve. (D), 818. 
SHEARING, G., HUGHES, H. G., and 
Silica valves. (r), 786; (D), 820. 


(n), 924. 
33 000-volt cables with metal-sheathed cores. 


(D), 860. 


(D), 901. 


Morris-AIREY, H.` 


Ships, electric propulsion of. W. McCLELLAND, (p), 854; 

H. M. SAYERS, (p), 335 ; C. C. Sutton, (d), 867. 

, progress in applications of electricityin. H.M.SAYERS, 

(p), 335. 

, war-, applications of electricity in. 

(P), 829 ; (D), 859. 

SuoRT, S. T. Alternating-current measuring instruments. 
(D), 588. 

Short-circuit test on rotary convertor. G.A. JUHLIN, (d), 426. 

Short-circuits on London Tubes. A. R. Cooper, (p), 391. 

Shunts of measuring instruments. K. EpGcuMBE and 
F. E. J. OCKENDEN, (p), 580. 

Signalling apparatus in warships. W. McCLELLAND, (p), 850. 

Silica valves. H. Morris-AIREY, G. SHEARING and' H. G. 
HUuGHES, (P), 786; (n), 812. 

Sitts, G. F. Track equipment of London Underground 
Railways. (n), 426. 

Simon, S. A. Electricity in mines. 


W. McCLELLAND, 


(n), 543. 


Siviour, S. R. Design of city distribution systems. (D), 963. 
SMITH, ROGER T. 
Speaking at Annual General Meeting, 1927. 1015. 


Track equipment of London Underground Railways. 


(D), 415. 

SMITH, S. P. 

An all-electric house. (D), 549. 

Progress in applications of electricity. (P), 351. 
SMITH, T. R. 

Design of city distribution systems. (D), 965. 

Electro-farming. (D), 377. 
SMITH, T. VINCENT. Obituary notice. 1022. 


SNELL, Sir Jonn. Design of city distribution systems. (D), 
116. 

Sound measurements and Rayleigh disc. 
W. WEsT, (p), 878.- 

South Africa, hydro-electric resources of. 
954. 

South Kensington Science Library. 465, 976. 

SOUTHERN, J. N. Battery locomotives for coal mines. (D), 
537. . 

Sparks, C. P. Design of city distribution systems. (D), 113. 

Specifications, standard. (See Standard and Standardization.) 

Spheres, two conducting, electrostatic problem of. A. 
RUSSELL, (»), 517. 

SREENIVASAN, K. Alternating-current measuring instru- 


E. J. BARNES and 


W. R. Cox, (p), 


ments. (D), 592. 
Stability of large power systems. F. H. CLoucu, (P), 653 ; 
(D), 659. 


Stallov, B-H curve for. K. EDGCUMBE and F. E. J. OCKEN- 
DEN, (p), 558. 

Standard specification for street lighting. C. C. PATERSON, 
(d), 761. 

Standardization, electrical, 1926. P. GooD, (P), 136. 

of distribution systems. J. R. Bear and T. G. N. 

HALDANE, (P), 97; (D), 112, 259, 957. 

of domestic apparatus. W. G. HEATH, (p), 54. 

of electrical apparatus. W. L. WINNING, (P), 58. 

, voltage, Council's report on. 695. 

STANDFORD, W. Obituary notice. 1023. 

Steel, magnetic testing of. (See Magnetic and Magnctiza- 
tion.) 

STEELE, J. Battery locomotives for coal mines. (D), 536. 

STEVENS, T. ‘Track equipment of London Underground Rail- 


ways. (D), 421. 

Street lighting, problems of. H. T. Harrison, (r), 752 ; 
(D), 761. 

SrRoNACH, H. M. Design of city distribution systems. (D), 
271. 

SruUBBINGS, G. W. Alternating-current measuring instru- 
ments. (Dp), 591. 


Students’ Premiums, award of, for 1926-27. 827. 
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Students’ Section, North-Western, address of W. J. MEDLYN 


to. 281. 

Sections, Council’s report on. 692. 

Submarines, electrical machinery in. W. McCLELLAND, (p), 
849. 

Subscriptions of retired members. 93, 695. 

Substation developments. F. LyYDALL, (p), 149. 

, rotary-convertor, automatic. F. J. LANE, (P), 823. 

SUMNER, J. A. Students’ Premium awarded to. 827. 

Surges. (Also see Pressure-rises.) 

, high-frequency. E. W. MARCHANT, (p), 984. 

on 60 000-volt underground network. E. MERCIER, 

(p), 501. 

SuTTON, C. C. Electricity in warships. (D), 867. 

Sweden, power co-ordination in. J. R. BEARD, (p), 342. 

SwINTON, A. A. C. Electricity in warships. (D), 863. 

SwinE, W. H. T. Address as chairman of Dundee Sub- 
Centre. 73. 

Switches, oil, rupturing capacity of. E. B. WEDMORE, W. B. 
WHITNEY and C. E. R. Bruce, (»), 913; (p), 920. 

Switchgear and linking-up. W. H. T. SwiIRE, (p), 74. 

development. J. R. BEARD, (p), 346. 

, Starting, for induction motors. F. A. LAUPER, (p), 160. 

Switzerland, coal used in. L. J. KETTLE, (p), 20. 


T. 


Tariffs, electricity supply, progress in. 
(r), 361. 
, multi-part. R. B. MATTHEWS, (p), 360. 
TAYLOR, A. L. Obituary notice. 1023. 
TAYLOR, A. M. 
Design of city distribution systems. (D), 117. 
60 000-volt network of Union d’Electricité. (D), 508. 
Stability of large power systems. (D), 662, 667. 


J. W. BEAUCHAMP, 


33 000-volt cables with metal-sheathed cores. (p), 479, 
489. 
TaYLor, H. W. Stability of large power systems. (D), 663. 
Teaco, F. J. High-power fusible cut-outs. (D), 451. 
TELEGRAPHY AND TELEPHONY. 
(Also see WIRELESS.) 
Calibration and performance of Rayleigh disc. E. J. 


BARNES and W. WEsT, (P), 871. 
Electrical communications. W. J. MEDLYN, (P), 48. 
Irregularities in continuously loaded cables. A. ROSEN, 
(P), 989. 
Telegraph and telephone statistics. W. H. Ecc ess, (p), 7. 
Telegraphy and telephony in warships. W. MCCLELLAND, 
(p), 850. 
Telephone development. A. BnRookes, (p), 66. 
service, development of. W. J. MEDLYN, (p), 48. 
Theory of repeated networks. A. C. BARTLETT, (P), 223. 
Trunking aspect of automatic telephony. G. F. O'DELL, 
(P), 185 ; (n), 216, 440. 
Wave filters and Boucherot's constant-current networks. 
A. C. BARTLETT, (P), 373. 
Temperature-rise. (See Heating.) 
Terminal, concentric, for 35 kV. 
OCKENDEN, (p), 582. 
Testing, magnetic, of ring specimens. E. Hucuts, (P), 932. 
of ceiling fans. E. livcuEes and W. G. WHITE, (P), 
367 ; (D), 648. 
of ratio and phase displacement of high voltages. 
CHURCHER, (FP), £30. 
Tests in wireless works laboratory. P. K. TURNER, (p), 881. 
on cables with metal-sheathed cores. P. DUNSHEATH, 
(p), 473. 
on 60 000-volt cables. 


K. EpGcuMBE and F. E. J. 


B. G. 


E. MERCIER, (p), 503. 


Tests on rupturing capacity of oil circuit-breaker. E. B. 
WEDMORE, W. B. WHITNEY and C. E. R. Bruce, (P), 
913 ; (p), 920. 

, Service, on traction motors. F. W. CARTER, (p), 999. 

, Shock, for lamps. W. McCLELLAND, (p), 839. 

Textile industry developments. W. E. HIGHFIELD, (p), 
352. 

Thermo-expansion instruments for radio frequencies. K. 
EpGCuMBE and F. E. J. OCKENDEN, (p), 565. 

THOMPSON, J. L. Design of city distribution systems. (p), 
265. 

THOMPSON, J. R. Problems of public lighting. 

THOMSON, EriHv. Faraday Medal awarded to. 
691. 

THOMSON, Sir J. J. 

THORNTON, W. M. 

Capacity of oil circuit-breaker. 
What is electricity ? (P), 674. 

THORROWGOOD, W. J. Trunking aspect of automatic tele- 
phony. (D), 218. 

TuvnsroN, G. H. Obituary notice. 1023. 

THwaAirTES, R. A. S. Design of city distribution systems. 
(D), 963. 

Track equipment of London Underground Railways. A.R. 
CooPER, (P), 389; (D), 415. 


(D), 773. 
285, 464, 


Mascart Medal awarded to. 69]. 


(D), 925. 


TRACTION, ELECTRIC. 


Battery locomotives in coal mines, discussion on. 530, 
543. 
Progress in electric traction. F. LYDALL, (P), 143. 
Railway electrification statistics. W. H. Ecc tes, (p). 9; 
W. W. E. FRENCH, (p), 126; G. H. NELSON, (p), 70. 
Rating of traction motors. F. W. CARTER, (P), 994. 
Track equipment of London Underground Railways. 
A. R. CooPzR, (P), 389; (p), 415. 
Traffic lighting. H. T. Harrison, (p), 759. 
Training of engineers. (See EDUCATION.) 
Tramways, electric. (See TRACTION, ELECTRIC.) 
Transfers. 92, 463, 551, 909, 974, 1014. 
Transformers, buried oil-immersed. T. R. SMITH, (d), 965. 
, current, design of. C. T. MELLING, (P), 283. 
———, h.t., test on. B. G. CHURCHER, (p), 435. 
, instrument. K. EpGCUMBE and F. E. J. OCKENDEN, 
(p), 570. 
, progress in. 
Transforming centres, spacing of. 
HALDANE, (p), 106. 
Transmission, power. (See PowER SUPPLY.) 
through repeated networks, theory of. 


H. M. Sayers, (p), 331. 
J. R. Bearn and T.G. N. 


A. C. BARTLETTI, 


(P), 223. 
, wireless, (See WIRELESS.) 
Transverter. H. M. SAYERS, (p), 333. 


Tubes, London, track equipment of. A. R. Cooper, (P), 
389 ; (D), 415. 
Turbine, gas, development of. 
TuRLE, E. H. Battery eliminators. 
TURNBULL, C. 
Design of city distribution systems. (D), 958. 
Stability of large power systems. (D), 666. 
TURNER, L. B. 
A wireless works laboratory. (p), 896. 
High-power radio transmitter. (D), 316. 
Radio-telegraphy and radio-telephony, progress in. (P 
131, 383. 
TURNER, P. K. 
A wireless works laboratory. 
Battery ecliminators. (D), 718. 
Turney, T. H. Trunking aspect of automatic telephony. 
(D), 217. 
Tyers, P. D. Battery climinators. 


W. W. E. Frewncu, (p), 125. 
(D), 720. 


(P), 881; (p), 901. 


(D), 721. 
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Underground Railways of London, track equipment of. 
A. R. Cooper, (P), 389; (D), 415. 


Unemployment. J. F. LISTER, (p), 27. 
United States, power co-ordination in. J. R. BEARD, (p), 
340. 
Upton, S. Trunking aspect of automatic telephony. (D), 
442. 
V. 
Valves, wireless. (See WIRELESS.) 
VERNIER, C. 
Design of city distribution systems. (D), 957. 
60 000-volt network of Union d'Electricité. (D), 510. 
33 000-volt cables with metal-sheathed cores. (p), 489, 


510. 

Vibration, torsional, of shafts. R. LOCHNER, (P), 76. 
troubles on Central London Railway. Sir J. ASPINALL, 
(d), 415; A. R. Cooper, (p), 408. 
VINES, A. 

Alternating-current measuring instruments. 

Electricity in warships. (D), 861. 
Voltage irregularity, flicker in lamps due to, supplementary 


(D), 592. 


report on. 383. 

regulation. J. R. Bearp and T. G. N. HALDANE, (p), 
101. 

standardization. J. R. BEARD and T. G. N. HALDANE, 
(p), 111. 


standardization, Council’s report on. 695. 

Voltages, high, measurement of ratio and phase displacement 
of. B. G. CHURCHER, (P), 430. 

Voltmeters. (See Instruments.) 


W. 
WAITE, J. N. Stability of large power systems. (D), 668. 
WALDRAM, J. M. Illuminating engincering. (D), 767. 


WarLIS, E. C. Obituary notice. 1023. 
WALLIS-JONES, R. J. Obituary notice. 
WALSH, J. W. T. 
llluminating engineering. (P), 733; (D), 778. 
Kelvin Premium awarded to. 649. 
Progress in application of electricity to illumination. 
(P), 352. 
War Thanksgiving Fund, Council's report on. 693. 
WARD, C. A. Design of city distribution systems. (D), 115. 
WARING, A. H. Track equipment of London Underground 
Railways. (D), 420. 
V/ARREN, A.G. 
Battery eliminators. (D), 722. 
High-power radio transmitter. 
Warships, applications of electricity in. 
(P), 829; (D), 859. 
Water-power of world. W. H. Ecc es, (p), 4. 
reserves. W. W. E. FRENCH, (p), 129. 
resources of Empire. W. R. Cox, (»), 944. 
Watson, E. A. Battery eliminators. (D), 717. 
Watson, S. J. Design of city distribution systems. (D), 114. 
Wattmeter errors. P. K. TURNER, (p), 887. 
WATTS, A. Trunking aspect of automatic telephony. (D), 
445. 
Wave filters and Boucherot's constant-current networks. 
A. C. BARTLETT, (P), 373. 
Waves, electric, production of. E. W. Marchant, (p), 986. 
Webb, J. K. 33 000-volt cables with metal-sheathed cores. 
(D), 481. 
Webber Premium. Awarded to W. McCrELLAND. 650. 
WEDMORE, E. B. Progress in co-operative research. 
365. 


1024. 


(D), 320. 
W. McCLELLAND, 


(P), 


WEDMORE, E. B., WHITNEY, W. B., and Bruce, C. E. R. 


(P), 913; (D), 


(n), 


Rupturing capacity of oil circuit-breaker. 
929. 
WELBOURN, B. Design of city distribution systems. 
266. 
WELLS, N. Short-wave wireless telegraphy. (D), 640. 
WEsT, W., and Barnes, E. J. Calibration and performance 
of Rayleigh disc. (P), 871. 
WHITCHER, J. 
Design of city distribution systems. (D), 117. 
33 000-volt cables with metal-sheathed cores. (D), 487. 
WHITE, A. E. Trunking aspect of automatic telephony. 
(D), 443. 
WHITE, W. G., and HucuHrs, E. Testing of ceiling fans. 
(P), 367; (D), 649. 
Whitewood, insulating properties of. 


(p), 42. 
WHITNEY, W. B., Bruce, C. E. R., and WepwonE, E. B. 


C. L. FORTESCUE, 


Rupturing capacity of oil circuit-breaker. (P), 913; 
(n), 929. 
WHYSALL, F. H. Design of city distribution systems. (D), 
269. 
WILpGoosE, G. H. A. Trunking aspect of automatic tele- 
phony. (D), 443. 
WILLIAMS, E. T. Electricity in warships. (p), 862. 
WiLLs, D. H. Students’ Premium awarded to. 827. 
WILMOTTE, R. M. 
High-power radio transmitter. (D), 323. 
Short-wave wireless telegraphy. (D), 640. 
WILSON, G. H. 
Illuminating engineering. (Dp), 768. 
Problems of public lighting. (D), 768. 
WILSON, W. 
Electricity in warships. (D), 866. 
High-power fusible cut-outs. (D), 451. 
33 000-volt cables with metal-sheathed cores. (D), 491. 


Winding engines for collieries. H. PRvcE-JoNEs, (P), 
379. 

Windings, alternating-current wave. 
228. 

WiNNING, W. L. Address as chairman of Scottish Centre. 


98. 


R. G. JAKEMAN, (P), 


WIRELESS. 


(Also see TELEGRAPHY AND TELEPHONY.) 

A wireless works laboratory. P. K. TURNER, (P), 881; 
(D), 896. 

Atmospherics, nature of. 
L. B. TURNER, (p), 136. 

Batteries, H.T., for wireless. W. R. CooPzR, (p), 64. 

Battery eliminators. P. R. CounsEv and H. ANDREWES, 
(P), 705 ; (Dp), 716. 

Broadcasting, progress in. W. R. Cooper, (p), 64; C.L. 
FORTESCUE, (p), 46; L. B. TURNER, (p), 134. 

Calibration and performance of Rayleigh disc. 
BARNES and W. WeEsr, (P), 871. 

Cooled-anode valves, and valve lives. 
(e), 791; (D), 812. 

Design of high-power transmitter. 
H. FAULKNER, (P), 297; (D), 316. 

Electrical communications. W. J. MEDLYN, (P), 48. 

Ether waves. W. M. THORNTON, (p), 679. 

Frequency measurement. J. H. REYNER, (d), 899; L. B. 
TURNER, (p), 135 ; P. K. TURNER, (p), 892. 
High-frequency currents. E. W. MARCHANT, (P), 977. 

Holweck demountable valve. C. F. ELWELL, (P), 784 ; 
(D), 812. 

Performance of intermediate-frequency amplifier. 
SCROGGIE, (P), 644. 


C. L. ForTESCUĽ, (p), 45; 


E. J. 
W. J. PICKEN, 


R. V. HANsFORD and 


M. G. 
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WIRELESS (continued). 
Progress in radio-telegraphy and radio-telephony. C. L. 
FORTESCUE, (p), 39; L. B. TURNER, (P), 131, 383. 
Rugby station, opening of. L. B. TURNER, (p), 131. 
Short-wave progress. L. B. TURNER, (p), 132. 
wireless telegraphy. T. L. ECKERSLEY, (P), 600; 
(D), 638. 
Silica valves. H. MORRIS-AIREY, 
H. G. HUGHES, (P), 786; (D), 812. 
Statistics of wireless. W. H. ECCLES, (p), 9. 
Thermo-expansion instruments for radio frequencies. K. 
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